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Abstract 
 
In reinforcing concrete structures, the corrosion prevention technique is usually evaluated by 
the use of microcell corrosion theory in which cathode and anode are coexisted, and is rarely 
evaluated based on macrocell corrosion theory in which cathode and anode are separated. In 
maceocell corrosion state, the macrocell potential difference and the macrocell polarization slopes 
and ratios of cathode and anode are the important parameters to control the magnitude 
ofmacrocell current. So based on macrocell corrosion theory, studying these parameters can lead 
us a deeper understanding of the mechanism of corrosion prevention techniques to inhibit 
corrosion. 
In this study, the corrosion prevention technique is mainly focused on the nitrite-based 
corrosion inhibitor. The effect of nitrite on steel corrosion has been evaluated by the use of both 
microcell corrosion theory and macrocell corrosion theory. Some factors influencing themacrocell 
corrosion also has been investigated. 
This dissertation is composed of nine chapters. In Chapter 1 the research backgrounds, 
purposes, significance and contents were introduced. In Chapter 2, the influence of nitrite on the 
properties of fresh and hardened concrete was introduced, the inhibition mechanism of nitrite ions 
was explained, and the inhibiting efficiency of nitrite on the corrosion of steel embedded in 
simulated pore solution and concrete was discussed and summarized. 
In view of the existing problems in Chapter 2 and based on the microcell corrosion theory, 
then in Chapter 3, the influence of nitrite concentration on the corrosion of steel immersed in 
three simulated pH environments containing chloride ions or sulfate ions was investigated by 
comparing and analyzing the change of half-cell potential, the change of threshold level of Cl- or 
SO4
2-, the change of threshold level of NO2
-/Cl- or NO2
-/SO4
2- mole ratio. The corrosivity of 
chloride ions against sulfate ions also had been discussed in three different pH environments 
containing various nitrite concentrations. The results indicated that the presence of nitrite could 
effectively inhibit the corrosion of steel. Chloride threshold level and sulfate threshold level were 
not only increased with increasing of nitrite concentration but also affected by pH. Highly 
alkaline environment played an important role in assisting nitrite to inhibit corrosion. For 
chloride-induced corrosion, using NO2
-/Cl- mole ratio as the parameter to guarantee the inhibition 
effect was suitable in highly alkaline environment, but not appropriate in weakly alkaline and 
neutral environments. Chloride-induced corrosion was more prone to initiate than sulfate-induced 
corrosion in highly alkaline environment. 
Based on the macrocell corrosion theory, in Chapter 4, the effect of anodic and cathodic 
chloride contents on the macrocell corrosion and polarization behavior of reinforcing steel 
embedded in cement mortars were investigated by comparing the magnitude of macrocell current 
and analyzing the macrocell polarization ratios and slopes of anodic and cathodic steels. The 
results indicated that the higher cathodic chloride content could accelerate the cathodic reaction 
of cathode and make the controlling mode of macrocell corrosion changed from cathodic control 
to mixed control or anodic control. The higher anodic chloride content could accelerate the anodic 
reaction of anode and make the macrocell corrosion more controlled by cathode. So in the real 
reinforcing concrete structures, due to the existence of large cathode and small anode, the 
acceleration of macrocell corrosion caused by higher anodic chloride content could be confirmed.  
 After understanding the effect of anodic and cathodic chloride contents on the macrocell 
corrosion behaviors of cathode and anode, in Chapter 5, based on macrocell theory, the inhibiting 
effect of nitrite on steel corrosion was evaluated. In this chapter, nitrite solutions with various 
concentrations were filled into the holes of mortar around anodic steel. The change of macrocell 
potential difference and current, the change of macrocell polarization ratios and slopes of cathode 
and anode were compared and analyzed. The effect of nitrite ions on the relationship between 
macrocell current density and microcell current density were also investigated. The results 
indicated that nitrite was more effective in inhibiting the macrocell corrosion than the microcell 
corrosion. The presence of adequate nitrite on the surface of anodic steel could effectively inhibit 
the anodic reaction of anode and was prone to make the macrocell corrosion less controlled by 
cathode. 
Then in the following Chapter 6, Chapter 7, and Chapter 8, factors influencing the macrocell 
corrosion and polarization behavior of steels were investigated by comparing the magnitude of 
macrocell current and analyzing the macrocell polarization ratios and slopes of anodic and 
cathodic steels. These factors were related to the steel initial surface conditions, water-cement 
ratios and moisture contents of mortar. The results also indicated that the initial polished surface 
had a higher corrosion resistance to inhibit the macrocell current than the scaled surface that 
formed in the production process. The lower water-cement ratio could decrease the macrocell 
potential difference and increase the macro-cell polarization resistance of both cathode and anode, 
both of which resulted in the decrease of macrocell current. The moisture contents of cathode 
played an important role in weakening the macrocell corrosion. The increase of moisture contents 
of cathode limited the transport of oxygen, decreased the oxygen concentration of cathode and 
thus greatly weakened the cathodic reaction of cathode, which not only resulted in the increase 
of macro-cell polarization ratio of cathode but also inhibited the macro-cell current. 
Finally, in Chapter 9, the main conclusions of this study was summarized, the limitations of 
this research was pointed out and the direction of further studies was suggested. 
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Chapter 1  
Introduction 
 
 
 
 
1.1 Research backgrounds 
Steel reinforced concrete is a widely used structure material because of its low cost, ease of 
construction and durability. Usually, due to the high alkalinity of cement hydration products, a 
protective layer of iron oxides is formed on the surface of steel, which provides adequate corrosion 
resistance. However, with the penetration of chloride, sulfate or carbon dioxide into concrete and 
the appearance of concrete cracking, this protective layer becomes unstable and corrosion initials. 
The formation and accumulation of corrosion products at the steel/concrete interface not only 
weaken the bond strength between steel and concrete, but also crack and even spall the concrete, 
and consequently reduce the services life of reinforced concrete structure. Therefore, corrosion of 
steel imbedded in concrete is regarded as one of the primary source of deterioration of reinforced 
concrete structures. So researching on the corrosion behavior of steel in concrete and giving the 
methods to prevent corrosion have great practical significance.  
Steel
Concrete
(High alkaline)
Anode reaction Cathode reaction
Fe → Fe2++2e- O2+2H2O+4e
-→ 4OH-
e-
Fe(OH)2
Rust
O2 H2OOH
-Current
Fe2+
Cl-FeCl2
Cl- (acts as catalyst)
Passive film
 
Fig.1.1 Mechanism of chloride-induced corrosion 
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Fig.1.2 Classification of corrosion 
 
Lots of field investigations and laboratory experiments indicate that the premature 
deterioration of reinforced concrete structures is mainly attributed to chloride-induced corrosion. 
The mechanism of this type corrosion is shown in Fig.1.1, in which the process of onset of 
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corrosion is clearly presented. According to the distance between cathode and anode, corrosion can 
be classified into micro-cell corrosion and macrocell corrosion as presented in Fig.1.2. For 
micro-cell corrosion, the cathode is adjacent to the anode and the corrorion is uniform. For 
macrocell corrosion, the cathode is far away from the anode and the corrosion is non-uniform.  
For chloride-induced corrosion, penetration, accumulation and reaction as catalyst are three 
necessary processes. The methods to prevent these processes are focused on reducing the 
penetration rate of chloride by using lower water/cement ratio or admixtures, increasing chloride 
threshold level by the use of coated steel or nitrite-based inhibitors, and decreasing the chloride 
content in concrete by the application of electrochemical techniques such as desalination or 
realkalization. The efficiency of these corrosion prevention methods are evaluated mainly by 
measuring the half-cell potential and corrosion rate. The half-cell potential based on ASTM C876 
standard only provides a probability judgment on whether the steel is in passive state or corroded 
state, and is greatly affected by environment. Besides this, this standard is not suitable for 
carbonated concrete and leads to misjudgment when macrocell corrosion is existence. The corrosion 
rate usually obtained by linear polarization resistance (LPR) or electrochemical impedance 
spectrum (EIS) is generally considered as micro-cell corrosion rate, and is close to the true 
corrosion rate only when macrocell corrosion is negligible. Since the true corrosion rate is equal to 
the sum of micro-cell and macrocell corrosion rate and macrocell corrosion is common existence in 
reinforced concrete structures, using LPR and EIS may leads to the underestimate of true corrosion 
rate. Therefore, when macrocell corrosion occurs as shown in Fig.1.3, the corrosion judgment based 
on half-cell potential and micro-cell corrosion rate is unreliable. So evaluating the corrosion of steel 
should consider the macrocell behavior of steel. 
●
○
○
●
Emi,c
Ema,c
Ema,a
Emi,a
imi,c imi,a imacro
(imi,c, Emi,c)
(imi,a, Emi,a)
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(ima,c, Ema,c)
Cathode
Anode
βma,c
1
βma,a
1
Microcell
Macrocell
Higher
Lower
Higher
 
Fig.1.3 Macrocell corrosion model [1] 
As could be seen from Fig.1.3, when macrocell corrosion exists, the half-cell potential of 
cathode is decreased from Emi,c to Ema,c, the half-cell potential of anode is increased from Emi,a to 
Ema,a and the corrosion current density of anode is increased from imi,a to ima,a. In the macrocell 
corrosion state, the half-cell potential of cathode (Ema,c) and anode (Ema,a) and the macrocell current 
density (imacro=ima.c=ima.a) are controlled by the macrocell polarization ratio of cathode 
((Emi,c-Ema,c)/(Emi,c-Emi,a)) and anode ((Ema,a-Emi,a)/(Emi,c-Emi,a)) and the macrocell polarization slopes 
of cathode (βma,c) and anode (βma,a). So studying the factors influencing the macrocell polarization 
slopes and ratios of cathode and anode can lead us a deeper understanding of the macrocell 
corrosion. 
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The use of corrosion prevention techniques can increase the half-cell potential of anode (Emi,a) 
to a more positive value and decrease the micro-cell current density of anode (imi,a) to a lower value, 
but whether they have an influence on the macrocell polarization slopes of cathode (βma,c) and 
anode (βma,a) or have an impact on the macrocell polarization ratio of cathode and anode, is still an 
unknown question that attracts the interest of the author. 
 
1.2 Research purposes 
For the above reasons, the main objectives of this study are to firstly investigate the influence 
of corrosion prevention technique on the macrocell current flowing between cathode and anode, the 
macrocell polarization ratios of cathode and anode, and the macrocell polarization slopes of cathode 
and anode, finally based on the macrocell corrosion theory to propose the mechanism of corrosion 
prevention technique to inhibit the corrosion of steel. 
 
1.3 Research significance 
The significance of this study is that, firstly, it can well understand the macrocell and 
micro-cell corrosion behaviors of steel and the relationship between them in reinforced concrete 
structures under exposure to various environmental conditions, secondly, the combination of 
macrocell theory and micro-cell theory is very important for accurate prediction of the corrosion 
process and is also more reliable to evaluate the efficiency of corrosion prevention techniques, and 
thirdly, the results of this study are expected to contributed to the development and implementation 
of strategies for cost-effective corrosion prevention and control techniques that could extend the 
service life of reinforced concrete structures. 
 
1.4 Research contents 
The research contents are graphically illustrated in Fig.1.4. 
In this study, the corrosion prevention technique was mainly focused on the nitrite-based 
corrosion inhibitor. Firstly, in Chapter 2, the influence of nitrite on the properties of fresh and 
hardened concrete was introduced, the inhibition mechanism of nitrite ions was explained, and 
the inhibiting efficiency of nitrite on the corrosion of steel embedded in simulated pore solution 
and concrete was discussed and summarized.  
In view of the existing problems in Chapter 2 and based on the microcell corrosion theory, then 
in Chapter 3, the influence of nitrite concentration on the corrosion of steel immersed in three 
simulated pH environments containing chloride ions or sulfate ions was investigated by comparing 
and analyzing the change of half-cell potential, the change of threshold level of Cl- or SO4
2-, the 
change of threshold level of NO2
-/Cl- or NO2
-/SO4
2- mole ratio and the changes of anodic/cathodic 
polarization curves and Stern-Geary constant B. The corrosivity of chloride ions against sulfate ions 
also had been discussed in three different pH environments containing various nitrite 
concentrations. 
In Chapter 3, the effect of nitrite on the micro-cell corrosion of steel had been confirmed, but 
the effect of nitrite on the macrocell corrosion of steel was still unclear. So firstly in Chapter 4,   
based on the macrocell corrosion theory, the effect of anodic and cathodic chloride contents on the 
macrocell corrosion and polarization behavior of reinforcing steel embedded in cement mortars 
were investigated by comparing the magnitude of macrocell current and analyzing the macrocell 
polarization ratios and slopes of anodic and cathodic steels. Based on the experimental results, the 
relationship between macrocell potential difference and macrocell current density, and the 
relationship between macrocell current density and micro-cell current density were analyzed. The 
mechanism of macrocell corrosion affected by anodic and cathodic chloride contents was proposed. 
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After understanding the effect of anodic and cathodic chloride contents on the macrocell 
corrosion behaviors of cathode and anode, in Chapter 5, based on macrocell theory, the inhibiting 
effect of nitrite on steel corrosion was evaluated. In this chapter, nitrite solutions with various 
concentrations were filled into the holes of mortar around anodic steel. The change of macrocell 
potential difference and current, the change of macrocell polarization ratios and slopes of cathode 
and anode were compared and analyzed. The effect of nitrite on the relationship between macrocell 
current density and micro-cell current density were also investigated. The mechanism of macrocell 
corrosion affected by nitrite inhibitor was proposed. 
Then in the following chapters, some factors influencing the macrocell corrosion was 
investigated. These factors were related to the steel initial surface conditions, water-cement ratios 
and moisture contents of mortar.  
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Fig.1.4 Outline of this dissertation 
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In Chapter 6, the effect of steel initial surface conditions on the macrocell corrosion and 
polarization behaviors of steels was investigated by comparing the magnitude of macrocell current 
and analyzing the macrocell polarization ratios and slopes of anodic and cathodic steels, and 
proposed the mechanism of macrocell corrosion affected by steel surface conditions. 
In Chapter 7, the effect of water-cement ratios on the macrocell corrosion and polarization 
behaviors of steels was inveatigated by comparing the magnitude of macrocell current and 
analyzing the macrocell polarization ratios and slopes of anodic and cathodic steels, and proposed 
the mechanism of macrocell corrosion affected by water-cement ratios. 
In Chapter 8, the effect of moisture contents of mortar on the macrocell corrosion and 
polarization behaviors of steels was investigated by comparing the magnitude of macrocell current 
and analyzing the macrocell polarization ratios and slopes of anodic and cathodic steels, and 
proposed the mechanism of macrocell corrosion affected by moisture contents. 
Finally, in Chapter 9, the main conclusions of this study was summarized, the limitations of 
this research was pointed out and the direction of further studies was suggested. 
 
1.5 References 
 
[1] T.Maruya, H.Takeda, K.Horiguchi, K.L.Hsu. "Simulation of steel corrosion in concrete based on 
the model of macrocell corrosion circuit." Journal of Advanced Concrete Technology, vol.5, 
no.3, pp.343-362, 2007. 
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Chapter 2  
Literature Review  
On Nitrite-based Corrosion Inhibitors 
 
 
 
 
2.1 Introduction 
The employment of inhibitor admixtures to prevent the corrosion of reinforcement when 
aggressive ions are present in the concrete has been a common practice for many years. The 
advantage of using inhibitors to provide corrosion protection is due to its easy handling and 
economical advantage, besides the inhibitor is well distributed throughout the concrete, which 
means that it protects all the steels. A good inhibitor must have two important features [1], namely, 
to reduce the corrosion of steel to the maximum extent and not affect the strength properties of the 
concrete. Numerous corrosion inhibitors have been suggested, but the detrimental effects of many 
of them in concrete limit their commercial use. 
Among the different chemical substances tested as inhibitors of steel corrosion in concrete, 
sodium and calcium nitrite are those which have shown the best physical-chemical compatibility 
with concrete. However, sodium nitrite suffers two disadvantages, one is the reduction of concrete 
strength and the other is the risk of the alkali-aggregate reaction which can be made worse by the 
addition of sodium salt. The use of calcium nitrite eliminated the disadvantages of sodium nitrite.  
It was the Soviet Union that pioneered the use of calcium nitrite as a protection strategy against 
corrosion caused by de-icing salt. In Japan and in the Unites States, calcium nitrite has been used 
for many years. The Japanese use was mainly due to the extensive sea sand used in concrete in 
1970s [2]. Recently, a new type nitrite-based inhibitor called nitrite-type hydrocalumite－
3CaO·Al2O3·Ca(NO2)2·nH2O has been developed [3]. When chloride ions are present in concrete, 
they will be absorbed by this inhibitor and replace nitrite ions. The nitrite released from this 
inhibitor can further inhibit the corrosion. However, with the addition of nitrite-type hydrocalumite, 
the compressive strength of mortars was decreased [4][5].  
This literature review is mainly focused on the most commonly used inhibitor－calcium nitrite. 
Its influence on concrete properties and its inhibiting mechanism and inhibiting efficiency will be 
summarized as following. 
2.2 Influence on the fresh and hardened concrete properties 
2.2.1 Fresh concrete 
2.2.1.1 Air content 
The air content is not significantly influenced by the addition of calcium nitrite. Comparing to 
the air content of the reference specimens, a very small increase or decrease of air content of 
concrete containing calcium nitrite can be found according to the literature [6][7][8][9]. 
2.2.1.2 Workability 
The slump and flow values are the traditional measurements of concrete workability. The 
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addition of calcium nitrite doesn’t have any noticeable effect on the workability of fresh concrete 
[10]. The slump of concrete containing calcium nitrite shows little change comparing to that of 
reference specimens [8][9]. In another research, a slightly increased workability was obtained when 
calcium nitrite was added to Portland cement concrete and blast furnace slag cement concrete both 
with 0.45 water/cement ratio. The slump increased from 75mm to 95mm for Portland cement 
concrete and from 55mm to 90mm for blast furnace slag cement concrete, while their flow values 
increases from 1.93 to 1.94 for Portland cement and from 1.75 to 1.86 for blast furnace slag cement 
[6]. However, some other research studies showed the opposite effect. The slump decreased from 
90mm to 60mm with the use of calcium nitrite for 0.45 water/cement ratio concrete [7], probably 
duo to the use of high-range water-reducing admixtures.  
2.2.1.3 Hydration and setting time 
Calcium nitrite is a set accelerator that complies with the requirements of ASTM Specification 
C494 [15]. It not only accelerates the hydration but also reduces the setting time. The concrete 
containing calcium nitrite had an earlier peak of temperature (10.9 h) than the control concrete (12.0 
h) [7]. The setting time was remarkably reduced as the dosage of calcium nitrite increased. With an 
addition of 12 l/m3 of calcium nitrite, the initial set time was reduced by 1 h and the final set time 
was decreased by 1.25 h [11]. In a study by Rosenberg et al [15] calcium nitrite (2% addition of 
cement weight) accelerated the initial set by more than 2h and the final set by more than 3h. 
2.2.1.4 pH of the concrete pore solution 
Concrete with calcium nitrite had pH~0.3 units lower than that of control sample [12]. The pH 
drop was found to be quantitatively related to limited solubility of Ca(OH)2 and its precipitation 
upon introduction of calcium nitrite. 
2.2.1.5 Microstructure of cementitious material 
Zongjin Li et al [13] found that under the same water/binder ratio (0.3) and the same age 
(28days), the microstructure of paste changed greatly with the incorporation of calcium nitrite. A lot 
of hexagon plate-shaped and short column-shaped calcium hydroxide crystals exist on the surface 
of particles containing calcium nitrite. Compared with the pure cement paste and the cement paste 
with 30% addition of fly ash, the cement paste containing calcium nitrite had the largest cumulative 
pore volume and the highest portion of big pores. Lin Luo [14] found that the morphology of paste 
samples with calcium nitrite was different from reference samples. In the cement paste with calcium 
nitrite, the needle-like CSH was rarely observed. The pores were mainly polygonal instead of 
irregular round shape. Comparing to reference sample, the intensity of the cement paste with 
addition of calcium nitrite on the pore size distribution shifted from the smaller diameter region to 
the larger diameter region. In the calcium nitrite mixture, the pores with diameter between 5µm and 
10µm governed the pore distribution, and even pores with diameter of more than 50µm were 
noticeable [20]. 
 
2.2.2 Mechanical properties 
2.2.2.1 Compressive strength 
Rosenberg et al [15] first published the influence of calcium nitrite on concrete strength 
development. Calcium nitrite increased 28-day strength by over 6% for each percent of calcium 
nitrite added by weight of cement. Compressive strength of concrete with and without calcium 
nitrite (14.85L/m3) was tested at 3-day, 7-day, 28-day and 365-day, the strength increment of 
concrete with calcium nitrite was 26%, 38%, 21% and 16%, respectively [7]. Using calcium nitrite, 
the compressive strength at 3-day was higher than the values obtained on the reference concrete, but 
the final strength (28-day) was unchanged for Portland cement concrete, and is even reduced by 
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5.6% for blast furnace slag cement concrete [6]. An increase in 28-day compressive strength of 
approximately 15% was noted for all w/c ratios when 12.5L/m3 of calcium nitrite was added. When 
25 L/m3 of calcium nitrite was added, an increase of 8%, 21% and 33% in compressive strength for 
w/c/cement=0.29/544, 0.37/441 and 0.45/371kg/m3 was noted respectively [9]. Al-Amoudi and 
coworkers [16] found that the compressive strength of concrete specimens incorporating calcium 
nitrite increased with the dosage of this corrosion inhibitor. Sideris and Savva [17] evaluated two 
Portland cements and 12 blended cements. They found that addition of calcium nitrite slightly 
increased the compressive strength of all mixtures at the age of 7-day and 28-day.  
However, in a study by Reou and Ann [18], calcium nitrite did not have any noticeable effect 
on the compressive strength of all concrete specimens. In another research, Ann and Jung et al [11] 
found that the compressive strength did not depend on the dosage of calcium nitrite, but was 
dependent on whether or not calcium nitrite was present in concrete. The compressive strength of 
concrete containing calcium nitrite decreased at 900-day. 
2.2.2.2 Tensile strength 
No significant effect of calcium nitrite on bending and splitting tensile strength was detected at 
28 days [6]. 
2.2.2.3 Modulus of elasticity 
Calcium nitrite seemed to induce higher early age values (3 days), but the final value (28 days) 
was the same [6]. 
 
2.2.3 Durability 
2.2.3.1 Chloride permeability 
Calcium nitrite has the function of accelerating the formation of the crystal phase of calcium 
hydroxide which leads to an increase of micropore diameter in the hardened cement paste and thus 
to an increase in chloride permeability compared to concrete without inhibitor. Amara Loulizi et al 
[19] studied the effect of calcium nitrite based corrosion inhibitor on concrete’s rapid chloride 
permeability values. Four different concrete mixtures with and without calcium nitrite were 
evaluated using the rapid chloride permeability test method as described by ASTM C1202. They 
found that mixtures with calcium nitrite had higher chloride permeability values than mixtures 
without calcium nitrite. The same conclusion was also obtained by Michael et al [7], J.S.Reou et al 
[18], L.Luo et al [20] and GENG Chunlei et al [21]. 
However, some other research studies showed the opposite conclusions. In a study by 
McCarthy, calcium nitrite was found to reduce the rate of chloride ingress [22]. In another study by 
Sideris et al [17], chloride permeability was not seriously influenced by the addition of calcium 
nitrite. 
2.2.3.2 Carbonation 
Carbonation depth of concrete containing calcium nitrite was reduced or remained the same 
[17]. 
2.2.3.3 Concrete resistivity 
The addition of calcium nitrite into high performance concrete obviously accelerated the 
formation of calcium hydroxide and ettringite crystals. High content of calcium hydroxide and 
ettringite crystals fastens the eroding process of sulfate ions, thus weakens the concrete’s resistance 
to sulfate attack [13]. 
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2.3 Inhibiting mechanism 
The role of free nitrite is its oxidising action upon Fe2+ which promotes the formation of 
maghemite γFe2O3 and forms an insoluble stable complex passive layer. This is generally 
summarized by the reaction:  
2
2 2 3 22 2 2 2Fe OH NO NO Fe O H O
        
2
2 -Fe OH NO NO FeOOH
       
The passive layer might actually possess a stratified structure, shifting from a Fe(II)-rich, 
amorphous inner layer to a Fe(III)-rich, more crystalline outer layer [23]. The properties and 
composition of the passive film are not improved by the presence of nitrite ions [24] [25]. The main 
effect of nitrite ions is to accelerate the oxidation green rusts into FeOOH phases [26] and cause the 
formation of a less porous and more compact oxide. While nitrite is absence, the surface of oxide 
layer possesses more structural defects and higher surface roughness [27]. 
Besides, more reactions are likely to occur [28] with an alkaline environments in the inner 
coating:  
2 22 2NO O NO   
2 2 22 2NO NO OH NO H O
      
2 2 3 22 2NO OH NO NO H O
       
3 2 22 2 4 2 4NO H O e NO OH
        
In neutral environment, the oxidizing action of nitrite upon  Fe Ⅱ  cations can be written as 
[25]: 
   
0
2
2 2 2 23 3
4 2 21 4 6Fe NO H O N O Fe OH H O H        
Ⅲ  
It is noticeable that 1.5H   per 2Fe   is produced, so the acidification of local corrosion area is 
expected. Besides, the hydrolysis of 2Fe   and 3Fe   also produces an additional decrease in the pH 
due to the following process: 
 2 2 22 2Fe H O Fe OH H
     
   
0
3
2 23 3
6 3Fe H O Fe OH H O H     
Ⅲ  
Moreover, nitrite can inhibit corrosion only above pH6 because of decomposition into NO and 
NO2 in more acid solutions [45]. So the corrosion rate will be increase because of chloride and the 
lower pH value. The effectiveness of nitrite to reduce the corrosion rate of steel in neutral and acid 
environments may be questionable when there is a higher amount of chloride [29].  
 
2.4 Inhibiting efficiency  
Clearly only the nitrite ions dissolved in the pore solution of the cement matrix are free to 
migrate to the steel surface and inhibit the corrosion. Since the nitrite ions bound by cement can not 
be effective, the free nitrite content and the influence of chloride on nitrite binding in cement is of 
great practical interest to users of concrete. Tritthart and Banfill [30][31] investigated the free nitrite 
content that present in the pore solution of cement pastes. The result showed that free nitrite content 
was affected in a complicated way by the cement composition, the chloride concentration present 
and the type of nitrite salt (sodium nitrite or calcium nitrite). The major controlling mechanism was 
the adsorption of nitrite on the surface of hydration products and there was a clear competition for 
adsorption sites between nitrite, chloride and hydroxyl ions, which suggested that the amount of 
free nitrite would be higher at higher chloride and/or hydroxyl concentration. This can be confirmed 
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by the experiment results shown in literature [32] and [37]. The proportion of bound nitrite was 
estimated to be 40%~60% [30][32]. Nitrite ions are bound by cement to a much lesser degree than 
chloride ions and this is encouraging for the effectiveness of nitrite ions as inhibitors in chloride 
contaminated concrete, provided that the binding is not so weak that the nitrite leaches out of the 
entirely. This agrees with concrete data which showed nitrite to be long lasting in concrete. Nitrite 
was still present at high levels on reinforcement surfaces after about 8 years of service [33][36] and 
near original concentrations after 17 years [28][34]. However, the duration of their protection action, 
which may be diminished by the consumption of the inhibitor [23], or its diffusion to the 
surrounding environment under immersion condition [12][33][35], is still the most controversial 
issues regarding the use of calcium nitrite. 
 
2.4.1 Critical mole ratio of nitrite to chloride 
Because both nitrite and chloride ions tend to react with ferrous ions, the amount of nitrite ions 
can be a key factor in being effective in inhibiting corrosion. Most of the studies have shown a 
critical concentration ratio of nitrite to chloride, although the values differ. Hope and Ip [38] 
suggested that a NO2
-
/Cl
-
 ratio of 0.07~0.09 was necessary to inhibit steel corrosion in a concrete 
pore solution. Rosenberg and Gaidis [39] determined a threshold ratio of 0.08 one hour after 
immersing the steel in NaCl solution, but a higher value of 0.28~0.30 24h after immersion. Liu 
Junzhe et al [40] found that pH value had a better linear relation with NO2
-
/Cl
-
 ratio. NO2
-
/Cl
-
 ratio 
over 0.32 could preserve the passive state of reinforcements adequately, when pH value was 12.6 in 
the synthetic concrete pore solution, whereas it was over 0.92 when pH value was 8.3. Qiao Bing et 
al [41] found that the corrosion rate of reinforcing steel decreased with the nitrite concentration 
increasing in the simulated concrete pore solutions with chloride ions, and the nitrite ions had a 
good inhibiting effect on the steel when the concentration ratio of nitrite to chloride was 0.4 or 
higher for the solutions of pH=12.50 or pH=10.50.  
For concrete, the inhibitive efficiency of nitrite is often considered to be in the range of 0.5~1.0, 
as a mole ratio of nitrite to chloride [33][36][42]. Ann and Jung et al [11] suggested that the 
threshold ratio of NO2
-
/Cl
-
 to prevent corrosion in concrete ranged from 0.34 to 0.66, which is 
slightly lower than the results above. Ann and Buenfeld [43] researched the relationship between 
threshold mole ratio of nitrite to chloride and the air void content at the steel-concrete surface. The 
results showed that the threshold NO2
-
/Cl
-
 ratio ranged from 0.11 to 0.55, depending on the air void 
content. 
Table 1 Calcium nitrite protection table for ingressed chloride [44] 
Calcium nitrite 
(30% solution) L/m3 
Maximum chloride ions 
kg/m3 
Chloride/nitrite 
Cl-/NO2
- 
10 3.6 1.3 
15 5.9 1.5 
20 7.7 1.4 
25 8.9 1.3 
30 9.5 1.2 
 
The difference in critical NO2
-
/Cl
-
 ratio obtained in different experiment might be duo to the 
way of determining the concentrations of chloride and nitrite in concrete (free ions, total ions, etc.) 
and the different qualities of mortar and concrete used in the experiments. Besides, the surface 
topography and composition of the steel can also have a significant effect on the chloride threshold 
value. Highly polished steels were found to withstand higher chloride levels than nonpolished steels 
[49]. 
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Berke et al [44] summarized the extensive work done by themselves and by other researchers 
and provided a recommendation for the dosage of calcium nitrite (Table 1). This table is supported 
by the data collected from laboratory and field structure studies for the last 25 years. 
 
2.4.2 Inhibiting efficiency in (simulated) pore solutions 
2.4.2.1 Highly alkaline solutions 
The corrosion of steel in concrete is difficult to investigate, mainly because of experimental 
problems such as high resistance, highly porous materials, cell design and macrocells. An 
alternative way of tackling the problem is to use solutions that simulate the chemical environment 
present in the concrete pores. Ramasubramanian et al [46] investigated the inhibiting action of 
calcium nitrite on carbon steel in pH 12.5 and pH 9.0 solutions with and without chloride. They 
suggested that a threshold inhibitor concentration existed below which corrosion can not be 
inhibited. Further, the corrosion rate did not decrease in proportion to the amount of inhibitor added. 
For a given chloride concentration, increasing the nitrite concentration beyond a certain level had 
no effect on the corrosion rate. The effectiveness of nitrite ions in inhibiting the corrosion of steel 
immersed in simulated pore solution can also be confirmed in literature [37][40][41]. However, 
there is some concern with nitrite ions that insufficient or excess content could exacerbate corrosion 
rather than reduce it [47]. Valcarce and Vazquez [48] examined the effect of chloride and nitrite ions 
on carbon steel passivity in alkaline solutions. With the presence of 0.8mol/L chloride, 0.2mol/L 
nitrite induced complete surface repassivation, while the nitrite concentration increased to 0.4mol/L, 
0.6mol/L and 0.8mol/L, corrosion happened after performing anodic polarization. Therefore, there 
seems to be no benefit in increasing the inhibitor dosages to higher values. Mammoliti and Hansson 
[49] studied the effect of nitrite on chloride threshold values for corrosion of steel in synthetic pore 
solutions. They found that nitrite ions could delay the onset of corrosion, but not be effective in 
increasing the chloride threshold value of steel exposed to chlorides and had little influence on 
corrosion rates once corrosion was initiated.  
2.4.2.2 Carbonated solutions 
The effect of chloride and nitrite ions on steel passivity in solutions with a low degree of 
carbonation was investigated by Valcarce et al [24]. With the presence of 0.001mol/L chloride, 
NO2
-
/Cl
-=200 was necessary to passivate the steel, while with 0.1mol/L chloride, NO2
-
/Cl
-=2 was 
necessary. So the NO2
-
/Cl
-
 ratio may be not an appropriate parameter to evaluate the inhibiting 
efficiency at different chloride ions concentration in carbonated solutions. 
2.4.2.3 Neutral and acid solutions 
The effect of nitrite on corrosion of steel in neutral and acid solutions simulating the 
electrolytic environments of micropores of concrete in the propagation period was examined by 
Garces and Saura [50]. The addition of nitrite ions only had shown a limited inhibiting efficiency on 
the corrosion of steels in the propagation period when chloride and hydrogen concentrations was 
not very high. If the concentration of ferrous ions was lower than 0.02mol/L, low concentration of 
nitrite (0.1mol/L) produced reduction of corrosion while high concentration of nitrite (0.5mol/L) 
didn’t decrease the corrosion rate of steels significantly. If the concentration of ferrous ions was 
higher than 0.02mol/L (which was equivalent to longer periods of propagation of pits), the addition 
of any amount of nitrite didn’t reduce the corrosion rate. 
 
2.4.3 Inhibiting efficiency in concrete 
Duo to the complexity of concrete composition, the inhibiting efficiency of nitrite ions on steel 
corrosion obtained in simulated concrete pore solutions can not be directly used to extrapolate the 
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situation in concrete, because of neglecting the inhibiting effect of cement matrix and the influence 
of the physical condition of the steel-surface interface. The corrosion inhibiting efficiency of nitrite 
in concrete is summarized as following basing on the available literatures. 
2.4.3.1 Normal concrete (without deterioration) 
A number of works have shown that nitrite ions is very effective in mitigating chloride-induced 
corrosion in concrete, reducing the corrosion rate, significantly delaying the initiation of corrosion 
and raising the chloride threshold level [11][15][16][17][ 36][44][51]. Even thought corrosion has 
initiated, the corrosion rate is always lower with nitrite present [36][44]. However, in a research of 
Trepanier et al [53], nitrite was found to have little detectable effect on the corrosion rate of 
embedded steel once active corrosion had been initiated. Another research of Ann and Buenfeld 
[43], the chloride threshold level of nitrite-free specimens was typically doubled and trebled by 
2.5% nitrite and 5% nitrite, respectively. With and without nitrite, the chloride threshold level was 
reduced with an increase of the air void content at the steel-concrete surface. The time to corrosion 
depended on the cement content. Using of low cement content (282kg/m3) increased the chloride 
threshold level as the dosage of nitrite in concrete increased, but didn’t extend the time to corrosion 
because it accelerated chloride penetration. For a rich mix (350kg/m3) the time to corrosion 
increased with the dosage of calcium nitrite. After corrosion initiation, the corrosion rate for 
specimens containing calcium nitrite was typically two or three times higher than for nitrite-free 
specimens. 
Addition of calcium nitrite increases the chloride induced corrosion resistance, but the 
protection offered strongly depends on the types of cement used [17][18][52]. Best results are 
obtained under the combined use of calcium nitrite and high (30%) percent of natural pozzolan, fly 
ash and 10% silica fume [17]. For ordinary Portland cement, an increase in the calcium nitrite 
content results in an increase in the time to corrosion, due to increased threshold value, while for 
30% PFA (pulverised fuel ash) and 65% GGBS (ground granulated blast furnace slag) concretes, 
the time to corrosion is less dependent on the content of calcium nitrite. It is due to the fact that the 
beneficial effect of calcium nitrite in inhibiting corrosion could be offset by the increased rate of 
chloride transport in concrete containing pozzolanic materials [18]. Besides this, the composite 
cement (50% ordinary Portland cement+25% pozzolan cement+25% slag cement) provides the best 
inhibition efficiency in the presence of 0.5% NaNO2 and 1%NaCl [52]. 
The long-term durability of steel reinforced concrete (with 0.40 w/c) containing pozzolan and 
calcium nitrite is predicted to be in excess of 50~100 years [44]. However, the duration of the 
protective effect of nitrite remains a controversial subject and is related to concrete quality. Low 
quality concrete exposed to aggressive conditions such as those of the marine environments are 
unlikely to benefit from the addition of nitrite [33]. For the effective performance of calcium nitrite 
exposed to aggressive environment, it is essential for the long-term durability to use high quality 
concrete with the following limits [36]: 
Maximum water to cement ratio: 0.5      (Preferably 0.4) 
Minimum cement content: 300kg/m3      (Preferably 350) 
Minimum cover to reinforcement: 30mm   (Preferably 38)  
Or greater than maximum aggregate size+18mm 
2.4.3.2 Carbonation concrete 
Nitrites have been tested in concrete as inhibitors of the chloride attack by many researchers, 
but its effect against carbonation is poorly known. Alonso et al [54][55] investigated the inhibiting 
effect of nitrites on the corrosion of rebars embedded in contaminated and chloride-free carbonated 
mortars. They found that when carbonation was the sole aggressor, and depending on the type of 
cement and the NaNO2 proportion employed, the chloride attack was reduced and even completely 
avoided. Nitrite significantly reduced the corrosion rate, mainly in atmospheres with high humidity 
content. In the case of chlorides and carbonation acting together, the proportions of NaNO2 used 
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(2% and 3% by weight of cement) were not enough to reduce the attack, and the steel corroded at a 
rate similar to that when no nitrites were present in the mortars. 
Besides this, in carbonated concrete the surface-applied calcium nitrite-based remedial 
treatment was ineffective to inhibit corrosion even in very low chloride ions level (0.3% by weight 
of cement) [56]. The researchers concluded that surface-applied calcium nitrite would appear to be 
potentially applicable only to non-carbonated concrete contaminated with relatively low levels of 
chloride or to carbonated concrete without chloride, where the initial corrosion rates of steel were 
fairly low. 
 
2.4.3.3 Cracked concrete 
Nitrite ions should be effective in maintaining the passivity of steel in the uncracked portion of 
concrete. As a result of this passivation, a large cathodic-small anode effect is created, that, in turn, 
results in the accelerated localised corrosion in the crack (anodic site).  
Precracked concrete slabs (0.2mm, 0.4mm crack width and 0.4 w/c) with 25L/m3 calcium 
nitrite added, were exposed to natural marine environment [10]. The corrosion rates of specimens 
containing nitrite, in general, were slightly lower or equal to that of free-nitrite concretes, with the 
exception of 12 months test results, where they were significantly higher than the ones for the 
no-inhibitor concretes. After three years of exposure, it was found that nitrite was effective in 
reducing the corrosion rate for uncracked slabs, but relatively ineffective in preventing localised 
corrosion of steel in the crack area for precracked concrete slabs. 
In another study, the effect of 4% sodium nitrite (by the weight of cement) on the corrosion 
process of cracked concrete (0.03mm, 0.3mm, 1mm crack width and 0.5 w/c) immersed in sea 
water was investigated [57]. It was found that in cracked concrete, corrosion became more severe in 
the presence of sodium nitrite, and the severity of corrosion increased with the increasing crack 
width.  
Montes et al [8][58] examined the influence of calcium nitrite and crack width on corrosion of 
steel I high performance concrete subjected to a simulated marine environment. A 34 full factorial 
design was developed considering water to cement ratio (0.29, 0.37, 0.45), fly ash percent (0%, 
20%, 40%), calcium nitrite content (0, 12.5, 25 L/m3) and cracked condition (0, 0.25, 0.50mm) as 
factors. It was found that calcium nitrite alone, in general, had no effect in decreasing corrosion, and 
that the crack condition of the specimens strongly affected the corrosion process.  
Visual results of corrosion at crack areas of concrete with and without calcium nitrite are 
shown in literature [36] and [58]. The spread of corrosion is similar to the concrete without the 
inhibitor and shows no sign of accelerated pitting corrosion when nitrite is present. Indeed the 
difference is that calcium nitrite reduced the area and the rate of corrosion and the pitting was more 
severe in the control specimens. 
 
2.4.4 Protection of pre-rusted steel 
In actual construction practice, pre-rusted steel bars are generally used. The high alkalinity 
provided by concrete can not ensure passivation of highly pre-rusted steel [60]. The average 
corrosion rate of pre-rusted steel in concrete even without any chloride content is unacceptable 
[59][60]. The application of protective methods is usually delayed until the earliest visible 
symptoms of damage appear, by that time, corrosion has often progressed considerably. If the nitrite 
added during the mixing operation can not passivate a strongly rusted surface, then any nitrite 
penetrating into the concrete from external mortar or solution will less likely to reduce corrosion 
rate to adequate extent for practical purposes. 
Gonzalez et al [33][60] investigated the behaviour of pre-rusted steel in mortar with and 
without nitrite. Clean and corroded steel containing rust layer of 116, 239 and 253g/m2 of rust were 
used. The results shown that neither mortar alkalinity alone nor in combination with the effect of 
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nitrite ions was found to passivate the steel in the two higher corrosion grades over 2 years of 
exposure in an atmosphere of a high relative humidity. 
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Chapter 3  
Effect of Nitrite Ions  
On Steel Corrosion in Simulated Concrete Pore Solution 
 
 
 
 
3.1 Introduction 
Steel corrosion in reinforced concrete has become one of the most severe deterioration 
mechanisms in concrete structures. It is generally accepted that due to the high alkalinity of cement 
hydration products, a protective layer of iron oxides is formed on the surface of steel, which 
provides adequate corrosion resistance. However, with the penetration of chloride, sulfate, carbon 
dioxide and the appearance of concrete cracking, this protective layer becomes unstable and 
corrosion initials.  
As one of the methods to prevent steel corrosion, nitrite-based corrosion inhibitors, irrespective 
of being directly added into concrete during the mixing process or penetrating into concrete by the 
surface-applied remedial treatment, have been widely investigated in chloride-contaminated 
concrete [1,2,3], carbonated concrete [4,5,6] and cracked concrete [7,8], and its inhibiting efficiency 
also have been checked in simulated steel corrosion environments, such as in highly alkaline 
solution [9,10,11,12], carbonated solution [13.14,12] and neutral and acid solution [15,12]. Most of 
these results confirm the effectiveness of nitrite in increasing the chloride threshold level, delaying 
the onset of corrosion and reducing the corrosion rate once the corrosion was initiated, but there is 
no general consensus on the NO2
-/Cl- mole ratio above that the preservation of the passive state can 
be ensured, suggested values for this threshold range from 0.11 to 1.0 in concrete and from 0.07 to 
greater than 2 in simulated pore solution. This difference in the threshold level of NO2
-/Cl- mole 
ratio obtained from various literatures might be duo to the way of determining the concentrations of 
chloride and nitrite in concrete (free ions and total ions, ect.), the different qualities of mortar and 
concrete used in the experiments, the different components of simulated pore solution and the 
different surface topography and compositions of the steel. Comparing and analyzing these 
literatures, the authors find the contents of available nitrite are different in these studies. So whether 
it is possible that the nitrite concentration has an influence on this threshold value attracts the 
interest of us, and up to now, no published literature gives the answer. Another problem here is that 
the inhibiting efficiency of nitrite in carbonated concrete with or without chloride is not ideal, so 
whether the high pH environment plays a role in assisting nitrite to inhibit chloride-induced 
corrosion, as far as known by the authors, no literature clarifies this. 
As described above, many researches have been done for chloride induced steel corrosion. 
However, fewer works are focused on sulfate induced steel corrosion, even the corrosion 
mechanism of sulfate ions is still not clear, and there are also some controversies on the corrosivity 
of sulfate against chloride ions in alkaline and neutral environments [16-23]. Additionally, all of 
these works for sulfate induced corrosion are just performed in concrete or solution without the 
addition of any corrosion inhibitor. Little attention has been given to the effect of nitrite ions on 
sulfate-induced corrosion. And further more, reports on the corrosivity of sulfate against chloride, 
under the action of nitrite, are extremely scarce. 
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    Besides these, the effect of nitrite ions on the polarization behaviors of steel also has attracted 
the interest of the authors. As it is known that, the corrosion current density of steel is usually 
calculated by the use of Stern-Geary equation defined as icorr=B/Rp, where Rp is the polarization 
resistance and B is a constant which varies with the expression that B=βaβc/(2.3(βa+βc)), βa and βc 
are the anodic and cathodic Tafel slopes obtained from the anodic and cathodic polarization curves 
of steel, respectively. Generally, the calculation of icorr mainly focuses on the determination of Rp 
and rarely gives an attention to the value of B. The value of B is commonly considered to be 26 mV 
for steel in corroded state and 52 mV for steel in passive state [24]. As we known, the polarization 
behavior of steel is affected by many factors, such as oxygen and corrosion inhibitors, so the direct 
use of these B values is suitable or not, is worthy of discussing. What’s more, with the increasing 
application of corrosion inhibitors, some concern should be given to the effect of corrosion 
inhibitors on B value. Nitrite that performs as anodic inhibitor can repair the passive film and 
improve the polarization resistance Rp, however, whether it has an effect on Stern-Geary constant B 
should be checked and clarified, because in most cases, especially for on-site measurement of 
corrosion rate, the value of B are taken for granted without any experimental verification, so the 
calculation of corrosion current density might be misled if any influence of nitrite on the Tafel slope 
exists. 
For all these reasons, the main objective of this study was to investigate and clarify the 
influence of nitrite concentration and pH environments on the inhibiting efficiency of nitrite, to 
investigate the influence of nitrite on the anodic/cathodic polarization curves of steel and 
Stern-Geary constant B. Additionally, the corrosivity of chloride and sulfate on steel was also 
compared. Because the corrosion of steel in concrete is difficult to investigate, so all experiments in 
this study were carried out in simulated chemical environments.  
3.2 Experimental 
Cold-rolled carbon steel sheets (JIS G3141 SPCC-SB) with a dimension of 60×60×1mm were 
selected to use in this study. The composition of the steel sheet was (wt%): 0.1025%C, 0.5204%Mn, 
0.0193%P, 0.0097%S and balance Fe. At one corner, lead wire was fixed to the steel by screw and 
the connection area was sealed by epoxy resin. The exposed area of the steel was 67.7cm2. Before 
the experiments, steel sheets were polished by sandpaper and cleaned with acetone. 
The corrosion of steel sheets were investigated in three different pH environments (pH12.6, 
pH10.3 and distilled water) simulating the highly alkaline environment, weakly alkaline 
environment and neutral environment that really existed on the surface of steel in concrete. The 
pH12.6 and pH10.3 environments were made by mixing different contents of LiOH and H3BO3. 
LiOH and H3BO3 were chosen, firstly because they worked as buffer solution which could make the 
pH in a constant level during the whole experiment process, and secondly LiOH was often used as 
electrolyte for electrochemical removal of chloride from concrete structures, and thirdly Li+ that 
mainly in the form of LiNO2 was usually added into concrete to prevent the concrete expansion 
caused by alkali-silica reaction. The use of LiOH and H3BO3 could not reflect the real concrete pore 
solution that composed of Na+, K+, Ca2+, OH-, CO3
2-, HCO3
-, etc., but still can simulate the possible 
pH environments that exist in concrete. Although the pore solution compositions (cation type and 
anion type) had an effect on the protective properties of the passive oxide films and the corrosion 
behavior of steel [6,13, 25-27], the focus of this work was to investigate the influence of pH 
environments and nitrite ions on steel corrosion induced by chloride or sulfate, not to study the 
effect of other cation/anion ions. Therefore, the use of LiOH and H3BO3 might be not the best, but 
was suitable in this work.  
For each pH environment, sodium nitrite was added with the concentration of 0, 0.02, 0.053, 
0.2, 0.53mol/L respectively, while sodium chloride or sodium sulfate was added according to the 
mole ratio of NO2
-/Cl- or NO2
-/ SO4
2- given in Table 3-1 or Table 3-2, respectively. With the 
presence of nitrite, the pH of distilled water increased to about 8.1. 
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Table 3-1 Experimental design for chloride-induced corrosion 
pH 
NO2
- 
mol/L 
Cl- mol/L 
pH12.6 
±0.3 
0 - - 0.4 0.2 0.1* 0.05 - 0* 
0.02 - 0.1* - - - - - - 
0.053 0.53 0.265 0.106 0.053 0.027  - 0 
0.2 - 1 0.4 0.2 0.1* 0.05 - 0* 
0.53 - - 1.06 0.53 0.265 0.133 0.066 0 
pH10.3 
±0.3 
0 - - 0.4 0.2 0.1* 0.05 - 0* 
0.02 - 0.1* - - - - - 0* 
0.053 0.53 0.265 0.106 0.053 0.027 - - 0 
0.2 - 1 0.4 0.2 0.1* 0.05 - 0* 
0.53 - - 1.06 0.53 0.265 0.133 0.066 0 
Distilled 
water 
0 - - 0.4 0.2 0.1* 0.05 - 0* 
0.02 - 0.1* - - - - - 0* 
0.053 0.53 0.265 0.106 0.053 0.027 - - 0 
0.2 - 1 0.4 0.2 0.1* 0.05 - 0* 
0.53 - - 1.06 0.53 0.265 0.133 0.066 0 
Mole ratio of NO2
-/Cl- 0.1 0.2 0.5 1 2 4 8 - 
 
Table 3-2 Experimental design for sulfate-induced corrosion 
pH NO2
- mol/L SO4
2- mol/L 
 
pH12.6 
±0.3 
0 - - - 0.2 0.1* 0.05 0.025  
0.02 0.2 0.1* 0.04 0.02 0.01 - -  
0.053 - 0.265 0.106 0.053 0.027 0.013 -  
0.2 - - 0.4 0.2 0.1* 0.05 0.025  
pH10.3 
±0.3 
0 - - - 0.2 0.1* 0.05 0.025  
0.02 0.2 0.1* 0.04 0.02 0.01 - -  
0.053 - 0.265 0.106 0.053 0.027 0.013 -  
0.2 - - 0.4 0.2 0.1* 0.05 0.025  
Distilled water 
0 - - - 0.2 0.1* 0.05 0.025  
0.02 0.2 0.1* 0.04 0.02 0.01 - -  
0.053 - 0.265 0.106 0.053 0.027 0.013 -  
0.2 - - 0.4 0.2 0.1* 0.05 0.025  
Mole ratio of NO2
-/SO4
2- 0.1 0.2 0.5 1 2 4 8 
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For each combination given in Table 3-1 and Table 3-2, two specimens were performed at the 
same time, and half-cell potential referred to Cu/CuSO4 Electrode (CSE) was measured at set 
intervals until the potential reached a constant value. During the whole experimental process, the 
pH value and temperature of solution were monitored all the time to make sure they still maintained 
a constant level, and the time taken for the visible formation of rust was also recorded in Table 3-4 
for chloride induced corrosion and Table 3-5 for sulfate induced corrosion. At the end of the 
experiments, specimens were taken out from the solutions and examined the formation of any visual 
rust on their surface. The results was recorded in Table 3-6 for chloride induced corrosion and Table 
3-7 for sulfate induced corrosion Whether the corrosion occurred or not for each combination was 
judged according to Table 3-3. 
Table 3-3 Corrosion judgment defined in this study 
Case Specimen 1 Specimen 2 Judgments Marked as 
1 Corrosion Corrosion Corrosion  
2 
Corrosion No corrosion Uncertain 
 
No corrosion Corrosion Uncertain 
3 No corrosion No corrosion No corrosion  
 
Anodic and cathodic polarization curves of steel were only carried out in the combinations 
marked as “*” in Table 3-1 and Table 3-2. The reference electrode used here was Ag/AgCl 
Electrode and the counter electrode was platinum. Prior to the polarization measurement, the steel 
had been immersed in the solution more than 15days and the Ecorr had reached a stable value. The 
cathodic polarization was done firstly, which started from Ecorr toward the negative direction with 
the interval of -25mV (at the changing rate of 1mV/s). After the potential was set, 30 seconds were 
necessary to wait before writing down the current value. After finishing cathodic polarization, the 
steel was continued to immerse in the solution about one day for the recovery of Ecorr. And after 
that, the anodic polarization was started from Ecorr toward the positive direction with the interval of 
25mV (at the speed of 1mV/s). After setting the potential, 30 seconds are necessary to wait before 
writing down the current value. Generally, a potential scans greater than ±(50 to 100) mV about 
Ecorr is required to reach the potential at which the anode Tafel or cathode Tafel behavior 
dominates and linear polarization is expected [28]. Tafel slope βa and βc in this study were 
calculated by using the data that obtained between Ecorr±75 and Ecorr±300. 
 
3.3 Results and Discussion 
The results of half-cell potential versus time，the pH of solution versus time and the 
temperature of solution versus time for all the cases given in Table 3-1 and Table 3-2 were shown in 
Fig3.1~Fig3.24, respectively. Seeing from the entire figures, the temperature and pH of solutions 
maintained a relatively stable environment throughout the experiments, while the half-cell potential 
of steel increased or decreased firstly and finally became stable. The changing of self-potential was 
the result of competition between positive ions (OH- and NO2
-) and negative ions (Cl-) for ferrous 
ions, if the rate of steel passivation resulting from positive ions was greater than the rate of 
depassivation resulting from chloride, the self-potential increased, if they were equal, the 
self-potential could be stable, otherwise, it decreased. The time taken for the stable of potential was 
more than 10 days as shown in Fig3.1~Fig3.24. The final stable Ecorr of steel in the given 
environment was calculated by averaging the potential value of two specimens, where the value of 
each specimen was determined by averaging the data obtained in the stable part of potential versus 
time curve. The average value of the data measured in the stable curve was calculated and presented 
in Table 3-8 for chloride induced corrosion and in Table 3-9 for sulfate induced corrosion. 
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Fig.3.1 Distilled water, NO2
-=0.053 mol/L 
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Fig.3.2 Distilled water, NO2
-=0.20 mol/L 
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Fig.3.3 Distilled water, NO2
-=0.53 mol/L 
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Fig.3.4 pH=10.3±0.3, NO2
-=0.053 mol/L 
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Fig.3.5 pH=10.3±0.3, NO2
-=0.20 mol/L 
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Fig.3.6 pH=10.3±0.3, NO2
-=0.53 mol/L 
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Fig.3.7 pH=12.6±0.3, NO2
-=0.053 mol/L 
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Fig.3.8 pH=12.6±0.3, NO2
-=0.20 mol/L 
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Fig.3.9 pH=12.6±0.3, NO2
-=0.53 mol/L 
 
Kyushu Institute of Technology 
24 
 
-700
-600
-500
-400
-300
-200
-100
0
0 1 2 3 4 5 6
Time (Day)
Po
te
nt
ia
l 
(v
s,
CS
E,
mV
)
Cl-=0.05 mol/L,SP1 Cl-=0.05 mol/L,SP2
Cl-=0.10 mol/L,SP1 Cl-=0.10 mol/L,SP2
Cl-=0.20 mol/L,SP1 Cl-=0.20 mol/L,SP2
Cl-=0.40 mol/L,SP1 Cl-=0.40 mol/L,SP2
Cl-=1.00 mol/L,SP1 Cl-=1.00 mol/L,SP2
 
7
8
9
10
11
12
13
14
0 1 2 3 4 5 6
0
5
10
15
20
25
30
35
Cl-=0.05 mol/L
Cl-=0.10 mol/L
Cl-=0.20 mol/L
Cl-=0.40 mol/L
Cl-=1.00 mol/L
Temperature
p
H
Time (Days)
T
e
m
p
e
r
a
t
u
r
e
 
(
℃
)
 
Fig.3.10 pH=12.6±0.3, NO2
-=0 mol/L 
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Fig.3.11 pH=10.3±0.3, NO2
-=0 mol/L 
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Fig.3.12 Distilled water, NO2
-=0 mol/L 
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Fig.3.13 Distilled water, NO2
-=0 mol/L 
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Fig.3.14 Distilled water, NO2
-=0.020 mol/L 
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Fig.3.15 Distilled water, NO2
-=0.053 mol/L 
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Fig.3.16 Distilled water, NO2
-=0.20 mol/L 
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Fig.3.17 pH= 10.3, NO2
-=0 mol/L 
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Fig.3.18 pH= 10.3, NO2
-=0.02 mol/L 
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Fig.3.19 pH= 10.3, NO2
-=0.053 mol/L 
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Fig.3.20 pH= 10.3, NO2
-=0.20 mol/L 
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Fig.3.21 pH= 12.6, NO2
-=0 mol/L 
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Fig.3.22 pH= 12.6, NO2
-=0.02 mol/L 
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Fig.3.23 pH= 12.6, NO2
-=0.053 mol/L 
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Fig.3.24 pH= 12.6, NO2
-=0.20 mol/L 
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Table 3-4 Initial time of chloride induced corrosion (days) 
  NO2-= 0mol/L NO2-=0.053mol/L NO2-=0.200mol/L NO2-=0.530mol/L 
N/C pH SP1 SP2 pH SP1 SP2 pH SP1 SP2 pH SP1 SP2 
0.1        9.24  0.778 0.375             
0.2        8.06  0.878 1.378 8.39  0.097 0.778       
0.5  7.41  0.014  0.014  7.85  1.885 2.378 8.14  0.85 0.85 8.53  2.028 3.028 
1.0  7.39  0.014  0.014  7.82  2.364 2.364 8.25  1.608 1.608 8.32  4.85 4.083 
2.0  7.18  0.014  0.014  7.81  2.962 2.862 8.25  6.857 5.843 8.42  6.893 6.893 
4.0  7.16  0.014  0.014        8.25  >20 >20 8.32  5.901 18.92 
8.0                    8.36  >23 >23 
0.1        10.11  0.093 0.093             
0.2        10.12  0.347 0.347 10.27  0.174 0.076       
0.5  9.98 0.086 0.086 10.17  0.854 1.309 10.20  1.306 0.826 10.14  0.875 0.229 
1.0  10.00 0.086 0.086 10.14  1.309 >15 10.25  2.785 3.292 10.18  1.243 0.639 
2.0  10.10 0.086 0.086 10.11  >15 >15 10.25  3.785 >15 10.11  1.243 1.931 
4.0  10.09 0.086 0.086       10.22  >15 >15 10.15  >15 5.903 
8.0                    10.20  9.868 >15 
0.1        12.60  0.215 0.639             
0.2  12.38  0.014  0.104  12.60  0.878 0.354 12.58  0.85 1.608       
0.5  12.41  0.104  0.260  12.58  2.364 2.364 12.85  3.958 2.924 12.59  2.028 2.028 
1.0  12.41  0.260  0.427  12.56  >17 12.77 12.87  2.924 6.924 12.69  3.028 >23 
2.0  12.41  0.865  2.000  12.55  >17 >17 12.59  6.632 8.632 12.84  >23 >23 
4.0  12.42  3.399  5.340        12.87  >20 >20 12.87  >23 >23 
8.0                    12.77  >23 >23 
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Table 3-5 Initial time of sulfate induced corrosion (days) 
  NO2-=0 mol/L NO2-=0.020 mol/L NO2-=0.053mol/L NO2-=0.200mol/L 
N/S pH SP1 SP2 pH SP1 SP2 pH SP1 SP2 pH SP1 SP2 
0.1        9.20  0.128 0.128             
0.2        9.13  0.128 0.128 9.00  0.131 0.131       
0.5        8.40  0.128 0.128 8.38  1.01 1.01 8.10  14.906 3.906 
1.0  8.17  0.021  0.021  8.24  1.16 1.979 8.33  1.01 1.01 8.08  >21 >21 
2.0  8.32  0.021  0.021  7.94  4.677 3.684 8.22  8.039 2.056 8.11  >21 14.906 
4.0  8.19  0.021  0.021        8.13  >18 >18 8.13  >21 >21 
8.0  8.15  0.021  0.021              8.13  >21 >21 
0.1        10.13  0.295 0.295             
0.2        10.17  0.295 0.743 10.21  1.01 1.01       
0.5        10.09  1.979 0.743 10.16  8.039 3.178 10.11  3.906 3.906 
1.0  10.23  0.045  0.045  10.15  >15 4.677 10.12  9.079 >18 10.17  >21 4.961 
2.0  10.14  0.045  0.045  10.15  >15 >15 10.10  10.043 >18 10.11  >21 16.913 
4.0  10.18  0.045  0.045        10.08  >18 >18 10.13  >21 >21 
8.0  10.11  0.198  0.198              10.10  >21 >21 
0.1        12.59  >23 >23             
0.2        12.56  >23 >23 12.62  >23 >23       
0.5        12.55  >23 >23 12.60  >23 >23 12.68  12.857 18.915 
1.0  12.55  >23 11.895  12.53  >23 >23 12.59  >23 >23 12.66  >23 >23 
2.0  12.53  >23 >23 12.52  >23 >23 12.58  >23 >23 12.65  >23 >23 
4.0  12.50  >23 >23       12.57  >23 >23 12.63  >23 >23 
8.0  12.48  >23 >23             12.62  >23 >23 
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Table 3-6 Results of visual examination for chloride induced corrosion 
 NO2-= 0mol/L NO2-=0.053mol/L NO2-=0.200mol/L NO2-=0.530mol/L 
N/C pH SP1 SP2 Judgment pH SP1 SP2 Judgment pH SP1 SP2 Judgment pH SP1 SP2 Judgment 
0.1      9.24  C C C         
0.2      8.06  C C C 8.39  C C C     
0.5  7.41 C C C 7.85  C C C 8.14  C C C 8.53  C C C 
1.0  7.39 C C C 7.82  C C C 8.25  C C C 8.32  C C  
2.0  7.18 C C C 7.81  C C C 8.25  C C C 8.42  C C C 
4.0  7.16 C C C     8.25  NC NC NC 8.32  C C C 
8.0              8.36  NC NC NC 
0.1      10.11  C C C         
0.2      10.12  C C C 10.27  C C C     
0.5  9.98 C C C 10.17  C C C 10.20  C C C 10.14  C C C 
1.0  10.00 C C C 10.14  C NC Uncertain 10.25  C C C 10.18  C C C 
2.0  10.10 C C C 10.11  NC NC NC 10.25  C NC Uncertain 10.11  C C C 
4.0  10.09 C C C     10.22  NC NC NC 10.15  NC C Uncertain 
8.0              10.20  C NC Uncertain 
0.1      12.60  C C C         
0.2  12.38 C C C 12.60  C C C 12.58  C C C     
0.5  12.41 C C C 12.58  C C C 12.85  C C C 12.59  C C C 
1.0  12.41 C C C 12.56  NC C Uncertain 12.87  C C C 12.69  C NC Uncertain 
2.0  12.41 C C C 12.55  NC NC NC 12.59  C C C 12.84  NC NC NC 
4.0  12.42 C C C     12.87  NC NC NC 12.87  NC NC NC 
8.0              12.77  NC NC NC 
Note: If SP1=C and SP2=C, Judgment=C; If SP1=C and SP2=NC, Judgment=Uncertain; If SP1=NC and SP2=C, Judgment=Uncertain; 
If SP1=NC and SP2=NC, Judgment=NC.  Where C=Corrosion, NC=No Corrosion. 
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Table 3-7 Results of visual examination for sulfate induced corrosion 
 NO2-=0 mol/L NO2-=0.020 mol/L NO2-=0.053 mol/L NO2-=0.200mol/L 
N/S pH SP1 SP2 Judgment pH SP1 SP2 Judgment pH SP1 SP2 Judgment pH SP1 SP2 Judgment 
0.1          9.20  C C C                 
0.2          9.13  C C C 9.00  C C C         
0.5          8.40  C C C 8.38  C C C 8.10  C C C 
1.0  8.17  C C C 8.24  C C C 8.33  C C C 8.08  NC NC NC 
2.0  8.32  C C C 7.94  C C C 8.22  C C C 8.11  NC C Uncertain 
4.0  8.19  C C C         8.13  NC NC NC 8.13  NC NC NC 
8.0  8.15  C C C                 8.13  NC NC NC 
0.1          10.13  C C C                 
0.2          10.17  C C C 10.21  C C C         
0.5          10.09  C C C 10.16  C C C 10.11  C C C 
1.0  10.23  C C C 10.15  NC C Uncertain 10.12  C NC Uncertain 10.17  NC C Uncertain 
2.0  10.14  C C C 10.15  NC NC NC 10.10  C NC Uncertain 10.11  NC C Uncertain 
4.0  10.18  C C C         10.08  NC NC NC 10.13  NC NC NC 
8.0  10.11  C C C                 10.10  NC NC NC 
0.1          12.59  C NC Uncertain                 
0.2          12.56  NC NC NC 12.62  NC NC NC         
0.5          12.55  NC NC NC 12.60  NC NC NC 12.68  C C C 
1.0  12.55  NC C Uncertain 12.53  NC NC NC 12.59  NC NC NC 12.66  NC NC NC 
2.0  12.53  NC NC NC 12.52  NC NC NC 12.58  NC NC NC 12.65  NC NC NC 
4.0  12.50  NC NC NC         12.57  NC NC NC 12.63  NC NC NC 
8.0  12.48  NC NC NC                 12.62  NC NC NC 
Note: If SP1=C and SP2=C, Judgment=C; If SP1=C and SP2=NC, Judgment=Uncertain; If SP1=NC and SP2=C, Judgment=Uncertain; 
If SP1=NC and SP2=NC, Judgment=NC.  Where C=Corrosion, NC=No Corrosion. 
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Table 3-8 Half-cell potential of steel induced by chloride (mV vs.CSE) 
 NO2
－
=0mol/L NO2
－
=0.053mol/L NO2
－
=0.20mol/L NO2
－
=0.53mol/L 
N/C SP1 SP2 pH Average SP1 SP2 pH Average SP1 SP2 pH Average SP1 SP2 pH Average 
0.1     -630 -627 9.24 -629         
0.2     -413 -405 8.06 -409 -531 -496 8.39 -514     
0.5 -820 -813 7.41 -816 -295 -294 7.85 -294 -319 -330 8.14 -325 -493 -416 8.53 -455 
1 -794 -794 7.39 -794 -237 -234 7.82 -235 -288 -287 8.25 -288 -368 -330 8.32 -349 
2 -789 -774 7.18 -782 -56 -55 7.81 -56 -108 -134 8.25 -121 -391 -339 8.42 -365 
4 -768 -767 7.16 -768     -3 44 8.25 20 -269 -271 8.32 -270 
8             -62 -2 8.36 -32 
0.1     -574 -566 10.11 -570         
0.2     -526 -502 10.12 -514 -491 -490 10.27 -491     
0.5 -587 -586 9.98 -586 -311 -281 10.17 -296 -392 -394 10.20 -393 -548 -522 10.14 -535 
1 -561 -574 10.00 -569 -247 -169 10.14 -208 -308 -284 10.25 -296 -500 -483 10.18 -491 
2 -542 -556 10.10 -549 -109 -123 10.11 -116 -297 -174 10.25 -235 -404 -415 10.11 -410 
4 -510 -493 10.09 -501     -172 -158 10.22 -165 -181 -288 10.15 -234 
8             -222 -123 10.20 -172 
0.1     -576 -564 12.60 -570         
0.2 -534 -590 12.38 -562 -455 -489 12.60 -472 -486 -471 12.58 -479     
0.5 -582 -570 12.41 -576 -434 -447 12.58 -440 -439 -468 12.85 -454 -379 -423 12.59 -401 
1 -449 -452 12.41 -451 -347 -361 12.56 -354 -417 -425 12.87 -421 -366 -332 12.69 -349 
2 -459 -467 12.41 -463 -286 -299 12.55 -293 -353 -342 12.59 -347 -298 -318 12.84 -308 
4 -380 -385 12.42 -389     -330 -171 12.87 -251 -264 -263 12.87 -264 
8             -251 -263 12.77 -257 
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Table 3-9 Half-cell potential of steel induced by sulfate (mV vs.CSE) 
 NO2
－
=0 mol/L NO2
－
=0.020 mol/L NO2
－
=0.053 mol/L NO2
－
=0.200 mol/L 
N/S pH SP1 SP2 Average pH SP1 SP2 Average pH SP1 SP2 Average pH SP1 SP2 Average 
0.1         9.20  -639  -641  -640                  
0.2         9.13  -623  -613  -618  9.00  -573  -589  -581          
0.5         8.40  -388  -401  -394  8.38  -373  -382  -377  8.10  -87  -346  -216  
1 8.17  -835  -841  -838  8.24  -378  -399  -389  8.33  -281  -303  -292  8.08  -73  -54  -63  
2 8.32  -827  -820  -824  7.94  -192  -174  -183  8.22  -258  -250  -254  8.11  -67  -210  -138  
4 8.19  -809  -802  -806          8.13  -53  -48  -51  8.13  -93  -72  -82  
8 8.15  -804  -790  -797                  8.13  -59  -58  -58  
0.1         10.13  -539  -485  -512                  
0.2         10.17  -560  -564  -562  10.21  -595  -587  -591          
0.5         10.09  -259  -399  -329  10.16  -279  -520  -399  10.11  -430  -414  -422  
1 10.23  -599  -603  -601  10.15  -214  -285  -250  10.12  -249  -189  -219  10.17  -132  -298  -215  
2 10.14  -561  -570  -565  10.15  -179  -249  -214  10.10  -348  -217  -282  10.11  -176  -214  -195  
4 10.18  -547  -536  -541          10.08  -162  -159  -160  10.13  -185  -183  -184  
8 10.11  -499  -497  -498                  10.10  -176  -165  -171  
0.1         12.59  -373  -287  -330                  
0.2         12.56  -285  -273  -279  12.62  -278  -286  -282          
0.5         12.55  -301  -290  -296  12.60  -282  -258  -270  12.68  -359  -342  -351  
1 12.55  -291  -364  -327  12.53  -288  -278  -283  12.59  -277  -278  -277  12.66  -289  -312  -300  
2 12.53  -285  -265  -275  12.52  -274  -288  -281  12.58  -282  -283  -283  12.65  -297  -330  -313  
4 12.50  -308  -302  -305          12.57  -289  -284  -287  12.63  -277  -291  -284  
8 12.48  -248  -285  -267                  12.62  -280  -296  -288  
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Fig.3.25 Relationship between EF and pH for chloride-induced corrosion. (a) NO2
-=0.053mol/L, (b) 
NO2
-=0.2mol/L, (c) NO2
-=0.53mol/L, (d) combination of a, b and c. 
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Fig.3.26 Relationship between EF and pH for sulfate-induced corrosion. (a) NO2
-=0.02mol/L, (b) 
NO2
-=0.053mol/L, (c) NO2
-=0.2mol/L, (d) combination of a, b and c. 
 
According to the experiment results, the Ecorr of steel immersed in different pH environments 
with the absence and presence of NO2
-/Cl- or NO2
-/SO4
2-, as given in Table 3-1 and Table 3-2, were 
shown in Fig.3.25 and Fig.3.26. All the Ecorr presented here was calculated by averaging the data 
obtained in the stable part of potential versus time curve. The surface state of steel was marked as 
filled circle for corrosion and empty circle for no corrosion. From the figure, it can be found that 
there was a pretty clear dividing line between passive state and corrosion state. The potential that 
changes abruptly from passive state to corrosion state is called Flade potential (EF), which is the 
lowest potential of film formation and has a good linear relationship with pH values as reported by 
other literatures [29,30]. Usually, the lower the EF is, the stronger the passivation ability of steel is, 
and the passive film becomes more stable. 
The possible influence of NO2
- concentration on the relationships between EF and pH for 
chloride-induced corrosion and sulfate-induced corrosion also had been investigated. Seeing from 
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the Fig.3.25 and Fig.3.26, it can be found that the NO2
- concentration changed from 0.053mol/L to 
0.53mol/L for chloride induced corrosion or changed from 0.02mol/L to 0.2mol/L for sulfate 
induced corrosion had little influence on the linear relationship between EF and pH, which also 
means the use of the relationship between EF and pH as the criterion for corrosion judgment is 
reasonable in this work. So in this study, basing on the experimental results, the relationships 
between EF and pH were given out in the form of EF=450-63*pH for chloride-induced corrosion as 
shown in Fig.3.2(d) and EF=300-50*pH for sulfate-induced corrosion as given in Fig.3.3(d), which 
were used as the corrosion criterion for the following result analysis. 
 
3.3.1. Ecorr induced by Cl- 
Fig.3.27 describes the effect of nitrite concentration on Ecorr induced by chloride in three pH 
environments. The Ecorr of steel obviously increased with the presence of nitrite for all pH 
environments, especially for low pH environment. The increment of potential in pH8.1 was greater 
than that in pH12.6. So with the decreasing of pH, nitrite became more effective to increase the 
Ecorr, but was not helpful to inhibit the corrosion. This was because the EF was -344mV for pH 
12.6, -199 mV for pH10.3 and -60 mV for pH8.1, increased with the decreasing of pH. If the Ecorr 
was greater than EF, the steel would be passivated; otherwise, the steel was corroded. 
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Fig.3.27 Effect of NO2
- and pH on Ecorr induced by Cl-. (a) pH=12.6, (b) pH=10.3, (c) pH=8.1. 
 
Nitrite concentration and pH had an influence on the increment of Ecorr. In pH12.6 
environment, for the given chloride content, the Ecorr of steel increased with the increasing of 
nitrite concentration, and this increment was more evident when chloride content was higher. 
However, in pH10.3 and pH8.1 environments, when nitrite was increased from 0.2 to 0.53mol/L, 
the increment of steel potential was not obvious. The Ecorr with 0.53 mol/L nitrite was equal to or 
even lower than that with 0.2 mol/L nitrite. No benefit on the further increase of Ecorr can be 
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obtained from higher nitrite concentration in pH10.3 and pH8.1 environments, indicates that the 
ability of nitrite to improve steel potential was limited and weakened. 
 
3.3.2. Ecorr induced by SO42- 
Fig.3.28 presents the effect of nitrite on Ecorr induced by sulfate in three pH environment. In 
pH12.6, irrespective of the presence or absence of nitrite, Ecorr didn’t change significantly with the 
increasing of sulfate, even no rust can be found on the surface of steel after 23 days. The increment 
of Ecorr was negligible after the presence of nitrite. In pH10.3, Ecorr decreased with the increasing 
of sulfate concentration. Rust can be found on the surface of steel, but most area was still in good 
state. In pH8.1, with the absence of nitrite, the entire steel surface was corroded severely. Ecorr 
increased with the presence of nitrite, but low concentration of nitrite (0.02mol/L) resulted in the 
formation of corrosion pitting on the surface of steel. The concentrations of nitrite had an influence 
on steel potential. For highly alkaline environment with pH12.6, with the increasing of nitrite 
concentration, the increment of potential was not obvious, even the decrease of potential can be 
found according to the experimental results. However, for the conditions of pH10.3 and pH8.1, with 
the raising of nitrite concentration, the potential increased significantly, and this increment was 
more evident when sulfate content was high. 
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Fig.3.28 Effect of NO2
- and pH on Ecorr induced by SO4
2-. (a) pH=12.6, (b) pH=10.3, (c) pH=8.1. 
 
3.3.3. Relationship between Ecorr and NO2-/Cl- 
Ecorr had a good linear relationship with Log (NO2
-/Cl-) and increased with the increasing of 
NO2
-/Cl- mole ratio, as shown in Fig.3.29. In pH12.6 environment, the concentration of nitrite 
almost had no influence on the curve of Ecorr versus Log (NO2
-/Cl-), but in pH10.3 and pH8.1 
environments, with the increasing of nitrite concentration, the curve shifted toward the direction of 
higher NO2
-/Cl- mole ratio, which resulted in the decrease of Ecorr for the same NO2
-/Cl-. This 
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means the inhibiting ability of nitrite to per unit of chloride was weakened in pH10.3 and pH8.1 
environments compared to that in pH12.6 environment. 
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Fig.3.29 Effect of NO2
- on Ecorr versus Log(NO2
-/Cl-) curves. (a) pH=12.6, (b) pH=10.3, (c) 
pH=8.1. 
 
Table 3-10 Relationship between Ecorr and Log(NO2
-/Cl-) 
NO2
- 
mol/L 
pH EF, mV vs CSE 
Ecorr=a*Log(NO2
-/Cl-)+b 
a b R2 
0.053 12.58 -342.5 201.9 -357.2 0.97 
0.2 12.72 -351.4 172.6 -386.9 0.90 
0.53 12.71 -350.7 124.3 -353.1 0.95 
0.053 10.13 -188.2 370.2 -215.1 0.98 
0.2 10.24 -195.1 253.0 -310.9 0.995 
0.53 10.14 -188.8 326.5 -466.8 0.96 
0.053 7.88 -46.4 398.0 -189.3 0.96 
0.2 8.26 -70.4 396.7 -237.7 0.98 
0.53 8.42 -80.5 307.4 -386.6 0.83 
 
For the specified nitrite concentration at constant pH, the changing of NO2
-/Cl- mole ratio not 
only affected the Ecorr, but also influenced the initial time of corrosion. For example, in distilled 
water with 0.2mol/L nitrite (as shown in Fig.3.2), when the mole ratio of NO2
-/Cl- was changed 
with 4, 2, 1, 0.5, 0.2, the stable self-potential was changed correspondingly with 20, -121, -288, 
-325, -514 mV, the initial time of corrosion was also changed correspondingly with >20, 5.8, 1.6, 
0.8, 0.1 days. Both Ecorr and the corrosion initial time increased with the increasing of NO2
-/Cl-, 
which can also be confirmed in other conditions shown in Table1. All this indicates the value of 
NO2
-/Cl- had great influence on steel corrosion. The higher value of NO2
-/Cl- makes the steel 
passivated, while the lower value of NO2
-/Cl- makes the steel corroded. So the use of NO2
-/Cl- mole 
ratio as parameter to evaluate the inhibiting efficiency of nitrite on chloride-induced corrosion is 
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feasible, and there must be a threshold level of NO2
-/Cl- which can determine whether the steel is 
corroded or not. In this study, the threshold levels of NO2
-/Cl- can be calculated basing on the EF 
and the good linear relationship between Ecorr and Log (NO2
-/Cl-), as given in Table 3-10. 
 
3.3.4. Relationship between Ecorr and NO2-/ SO42- 
The relationship between Ecorr and Log (NO2
-/SO4
2-) shown in Fig.3.30 indicates that, in 
pH12.6 environment, the mole ratio of NO2
-/SO4
2- had little influence on Ecorr; while in pH 10.3 
and pH 8.1 environments, Ecorr increased with the increasing of NO2
-/SO4
2- mole ratio. For 
sulfate-induced corrosion, the nitrite concentration almost had no influence on the curve of Ecorr 
versus Log (NO2
-/SO4
2-), which was completely different from the condition for chloride-induced 
corrosion. The linear relationship between Ecorr and Log (NO2
-/SO4
2-) was shown in Table 3-11 
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Fig.3.30 Effect of NO2
- on Ecorr versus Log(NO2
-/SO4
2-) curves. (a) pH=12.6, (b) pH=10.3, (c) 
pH=8.1. 
Table 3-11 Relationship between Ecorr and Log(NO2
-/SO4
2-) 
NO2
- 
mol/L 
pH EF, mV vs CSE 
Ecorr=a*Log(NO2
-/SO4
2-)+b 
a b R2 
0.02 12.6 -330 27.9 -284.1 0.47 
0.053 12.6 -330 -6.3 -279.8 0.25 
0.2 12.6 -330 47.0 -321.4 0.69 
0.02 10.1 -205 283.1 -280.2 0.87 
0.053 10.1 -205 310.3 -324.3 0.85 
0.2 10.1 -205 177.3 -290.4 0.65 
0.02 8.26 -113 347.6 -327.5 0.93 
0.053 8.26 -113 371.4 -303.7 0.96 
0.2 8.1 -105 98.7 -141.4 0.50 
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3.3.5. Threshold level of NO2-/Cl- 
Fig.3.31 presents the effect of nitrite concentration and pH on the threshold level of NO2
-/Cl- 
that was determined by using the EF and the relationship between Ecorr and Log (NO2
-/Cl-) as 
shown in Table 3-10. In pH12.6 environment, nitrite concentration almost had no influence on the 
threshold level of NO2
-/Cl-, while in pH10.3 and pH8.1 environments, the threshold level increased 
with the increasing of nitrite concentration. The constant of the threshold level of NO2
-/Cl- in 
pH12.6 environment means that NO2
-/Cl- mole ratio can be performed as the parameter to evaluate 
the corrosion of steel in highly alkaline environment, but not suitable for the situation in weakly 
alkaline and neutral environments because in which the threshold level of NO2
-/Cl- changed greatly 
with different nitrite concentrations. 
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Fig.3.31 Effect of NO2
- on the threshold values of NO2
-/Cl-. 
 
3.3.6. Threshold level of NO2-/SO42- 
In the NO2
-/Cl- system, there was a good linear relationship between Ecorr and Log (NO2
-/Cl-) 
for each nitrite concentration in pH12.6, pH10.3 and pH8.1 environments, but in NO2
-/SO4
2- system, 
the good linear relationship between Ecorr and Log (NO2
-/SO4
2-) only can be found in pH8.1 and 
pH10.3 environments with 0.02 and 0.053mol/L NO2
-. So the threshold level of NO2
-/SO4
2- in 
pH8.1 and pH10.3 environments with 0.02 and 0.053mol/L NO2
- were obtained by using the EF and 
the relationship between Ecorr and Log (NO2
-/SO4
2-) as shown in Table 3-11. While the threshold 
level of NO2
-/SO4
2- in pH12.6 environment with 0.02, 0.053 and 0.2mol/L NO2
- and in pH8.1 and 
pH10.3 environments with 0.2mol/L NO2
- were judged according to the results of corrosion 
judgment as described in Table 3-3 and Table 3-7 and shown in Fig.3.30. The threshold levels of 
NO2
-/SO4
2- obtained here might be not accurate, but they were well consistent with the experiment 
results and could provide some information on the influence of nitrite concentrations. 
Fig.3.32 presents the effect of nitrite concentrations and pH values on the threshold levels of 
NO2
-/SO4
2-. It can be seen that the threshold value of NO2
-/SO4
2- was greatly influenced by pH 
values and nitrite concentrations, and decreased with the increasing of pH values. In pH 8.1 
environments, this threshold value decreased with the increasing of nitrite content, while in pH 10.3 
environments, it showed the opposite trend, increased with the increasing of nitrite content. In pH 
12.6 environments, the threshold value of NO2
-/SO4
2- was 0.2, 0.2 and 0.656 for 0.02, 0.053 and 
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0.2mol/L nitrite, respectively. The change of the threshold value in these pH environments means 
that it can not be used as the parameter to evaluate the inhibiting efficiency of nitrite on 
sulfate-induced corrosion. 
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Fig.3.32 Effect of NO2
- on the threshold values of NO2
-/SO4
2-. 
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Fig.3.33 Effect of NO2
- on the threshold values of Cl-. 
 
3.3.7. Threshold level of Cl- 
The effect of nitrite concentration and pH on the threshold level of chloride is shown in 
Fig.3.33. In pH12.6 environment, the chloride threshold level increased markedly when the 
concentration of nitrite was raised from 0mol/L to 0.53mol/L. While in pH10.3 and pH8.1 
environments, if the concentration of nitrite was less than 0.2mol/L, the chloride threshold level had 
Kyushu Institute of Technology 
42 
an increasing trend, if the nitrite content was higher than 0.2mol/L, there was almost no increase in 
the chloride threshold level, even the decrease could also be found with the experimental results. 
The chloride threshold level in pH12.6 environment was greater than that in pH10.3 and pH8.1 
environments, especially for the presence of higher nitrite concentration, indicated that the highly 
alkaline environment played an important role in assisting nitrite to increase the chloride threshold 
level. The combined effect of OH- and NO2
- on inhibiting corrosion was superior to the individual 
effect. However, the use of NO2
-/Cl- mole ratio as the parameter to guarantee the inhibition 
efficiency didn’t take into account the effect of OH-. So whether NO2-/Cl- is the most suitable 
parameter to evaluate chloride-induced corrosion in highly alkaline environments is worthy of 
further study. Besides this, why the inhibiting efficiency of nitrite on steel corrosion in neutral 
environment is weakened should be further investigated. The results obtained in this study are 
mainly based on the methods of half-cell potential and visual examination; they should be further 
confirmed by corrosion current measurement. 
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Fig.3.34 Effect of NO2
- on the threshold values of SO4
2-. 
 
3.3.8. Threshold level of SO42- 
The effect of nitrite concentration and pH on the threshold level of sulfate was given in 
Fig.3.34. Seeing from the figure, irrespective of the pH values, with the increasing of nitrite 
concentration, the sulfate threshold level increased significantly. For the same nitrite content, sulfate 
threshold level in pH 12.6 environments was much greater than that in pH 10.3 and pH 8.1 
environments. So the highly alkaline environment played an important role in assisting nitrite to 
increase the sulfate threshold level.  
 
3.3.9. Comparing the Ecorr induced by Cl- and SO42- 
Fig.3.35 compares the Ecorr induced by Cl- and SO4
2- in three pH environments containing 0, 
0.053 and 0.2 mol/L NO2
-. It can be seen that in pH10.3 and pH8.1 environments with 0 and 0.053 
mol/L NO2
-, when SO4
2- content was equal to Cl- content, the Ecorr resulted from sulfate-induced 
corrosion was lower than that resulted from chloride-induced corrosion. The corrosivity of sulfate 
was stronger than that of chloride in this condition. However, there was a dramatic change after the 
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content of nitrite was raised to 0.2 mol/L NO2
-, the Ecorr in sulfate environment was higher than 
that in chloride environment and the corrosion extent of steel immersed in sulfate environment was 
greatly reduced. In pH12.6 environment, regardless of the absence or the presence of nitrite, the 
Ecorr resulted from sulfate-induced corrosion was higher than that resulted from chloride-induced 
corrosion, and almost all specimens was in passivation state when sulfate ions was equal to or less 
than 0.2 mol/L. So the corrosivity of sulfate ions on steel in pH12.6 environment was weaker than 
that of chloride. From the above analysis, a conclusion could be obtained that the corrosivity of 
sulfate against chloride was variable and greatly affected by the value of pH and the concentrations 
of nitrite. 
 
-800
-600
-400
-200
0
 
 
E
c
o
rr
, 
m
V
 v
s 
C
S
E
(a) pH8.1 NO
2
-
=0 mol/L (b) pH8.1 NO
2
-
=0.053 mol/L
 
 
 
(c) pH8.1 NO
2
-
=0.2 mol/L
 
 
 
-800
-600
-400
-200
0 (d) pH10.3 NO2
-
=0 mol/L
 Cl
-
                                  SO
4
2-
   
E
c
o
rr
, 
m
V
 v
s 
C
S
E
(e) pH10.3 NO
2
-
=0.053 mol/L (f) pH10.3 NO
2
-
=0.2 mol/L
 
 
0.0 0.2 0.4
-800
-600
-400
-200
0 (g) pH12.6 NO2
-
=0 mol/L
E
c
o
rr
, 
m
V
 v
s 
C
S
E
Cl
-
 or SO
4
2-
 , mol/L
0.0 0.2 0.4
(h) pH12.6 NO
2
-
=0.053 mol/L
Cl
-
 or SO
4
2-
 , mol/L
0.0 0.2 0.4
(i) pH12.6 NO
2
-
=0.2 mol/L
 
Cl
-
 or SO
4
2-
 , mol/L
 
Fig.3.35 Comparing the Ecorr induced by Cl- and SO4
2-. (a) pH8.1, NO2
-=0 mol/L, (b) pH8.1, 
NO2
-=0.053 mol/L, (c) pH8.1, NO2
-=0.2 mol/L, (d) pH10.3, NO2
-=0.0 mol/L, (e) pH10.3, 
NO2
-=0.053 mol/L, (f) pH10.3, NO2
-=0.2 mol/L, (g) pH12.6, NO2
-=0.0 mol/L, (h) pH12.6, 
NO2
-=0.053 mol/L, (i) pH12.6, NO2
-=0.2 mol/L. 
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3.3.10. Comparing the threshold level of Cl- and SO42- 
Fig.3.36 compares the threshold level of Cl- and SO4
2- in three pH environments containing 0, 
0.053 and 0.2 mol/L NO2
-. In pH12.6 environment, whatever the concentration of nitrite was, 
sulfate threshold level was always higher than chloride threshold level under the same condition. 
This means chloride-induced corrosion was more prone to initiate than sulfate-induced corrosion in 
highly alkaline environment. However, in pH10.3 and pH8.1 environments, with the presence of 
0.053 mol/L nitrite, the sulfate threshold level was lower than chloride threshold level, and after 
nitrite concentration increased to 0.2mol/L, the sulfate threshold level became higher than chloride 
threshold level. This means that sulfate-induced corrosion was more likely to occur than 
chloride-induced corrosion in carbonated and neutral environments in which nitrite concentration 
was equal to or less than 0.053mol/L. Whether sulfate threshold level was higher or lower than 
chloride threshold level in carbonated and neutral environments was determined by nitrite content. 
So both pH and nitrite concentration had greater influence on chloride threshold level and sulfate 
threshold level. 
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Fig.3.36 Comparing the threshold level of Cl- and SO4
2-. (a) pH=12.6, (b) pH=10.3, (c) pH=8.1. 
 
The present work indicates that sulfate ions are corrosive to steel and the corrosion behavior of 
steel induced by sulfate ions is quite different from that induced by chloride. The highly alkaline 
environment plays an important role in inhibiting the sulfate induced corrosion, which is supported 
by the experimental results obtained from concrete [31,32,33,34] and lime water solution [35]. 
According the study of Pujar et al [36], sulfate ions were incorporated heavily in the passive film as 
compared to the chloride ions. The incorporated sulfate ions strengthen the passive film whereas the 
adsorbed chloride ions destroy the passive film. However, a different opinion from the work of 
Al-Tayyib et al [37] can be found, which is that with the presence of sulfate ions in saturated 
Ca(OH)2 solutions, active corrosion resulted from the modification of the protective passive film to 
a sulfate film which is less protective than that of original iron oxide film. Moreover, in another 
study of Tzyy-Ping Cheng et al [38], the sulfate ions could change the mechanistic parameters of 
surface film more significantly, and the sulfate-induced corrosion in concrete might be more severe. 
The corrosivity of sulfate ions in Ca(OH)2 solutions was more stronger than that of chloride ions for 
the same concentrations [39]. 
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There are few publications reporting on the effect of nitrite ions on steel corrosion in sulfate 
ions environments. Matsuda and Uhlig [40] investigated the effect of NaCl addition and Na2SO4 
addition on the corrosion of iron in air-saturated NaNO2 solution (nitrite concentration ranged from 
10-5mol/L to 10-2mol/L). According to their results, in nitrite solutions, sulfate ions are more 
effective than chloride ions in breaking down passivity, and the minimum content of nitrite to avoid 
pitting corrosion in the presence of chloride and sulfate ions followed the relation 
Log(Ms)=a+b*Log(Mp), where Ms and Mp were molarities of salt (chloride and sulfate) and nitrite 
respectively. The nitrite contents in their studies are lower than that in our studies, and their results 
give a directly support to the conclusions obtained in this work. 
 
3.3.11. Effect on anodic/cathodic polarization curves, Tafel slope and Stern-Geary constant 
Anodic/cathodic polarization curves of steel were obtained based on the method described 
above. After the cathodic (anodic) polarization, some changes might occur on the surface of steel 
and thus would have an influence on the further polarization of anodic (cathodic). In order to clarify 
this influence and give an answer to this problem, a preliminary experiment was carried out on the 
steel that had been immersed in distilled water for 3 days. Firstly, the cathodic polarization was 
done, and after finishing it, the steel was continued to immerse in the solution about one day for the 
recovery of Ecorr. And then, the anodic polarization was performed. The result was shown in 
Fig.3.37 and marked as black square “■”. After the cathodic and anodic polarization curves were 
obtained, the steel was continued to immerse in the solution for the recovery of Ecorr. About one 
three days later, the cathodic and anodic polarization were performed again, and this time, the 
anodic polarization was done firstly, and one day later, the cathodic polarization curve was obtained. 
The result was also presented in Fig.3.37 and marked as red star “★”. Comparing the results, little 
difference can be observed from the two polarization curves. Some changes of the surface state of 
steel might occur after the cathodic (anodic) polarization, but after the recovery of Ecorr, they were 
not enough to affect the further polarization of anodic (cathodic).  
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Fig.3.37 Polarization curves of steel immersed in distilled water for 3 days 
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Fig.3.38 Effect of NO2
- concentration on anodic and cathodic polarization curves of steel immersed 
in different pH solutions with and without 0.1mol/L Cl- or SO4
2-. (a) pH12.6 without Cl- or SO4
2-, (b) 
pH10.3 without Cl- or SO4
2-, (c) pH8.1 without Cl- or SO4
2-, (d) pH12.6 with 0.1 mol/L Cl-, (e) 
pH10.3 with 0.1 mol/L Cl-, (f) pH8.1 with 0.1 mol/L Cl-, (g) pH12.6 with 0.1 mol/L SO4
2-, (h) 
pH10.3 with 0.1 mol/L SO4
2-, (i) pH8.1 with 0.1 mol/L SO4
2-. 
 
The effect of nitrite concentrations on the anodic and cathodic polarization curves, Tafel slope 
and Stern-Geary constant B in pH12.6, pH10.3 and pH8.1 environments with and without 0.1mol/L 
Cl- or SO4
2- were shown in Fig.3.38 and Fig.3.39, respectively.  
Steels immersed in pH12.6 environment without any chloride and sulfate (Fig.3.38-a) and in 
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the same solutions with 0.1mol/L SO4
2- (Fig.3.38-g) were all in the passive state. With the presence 
of 0.02 and 0.2mol/L nitrite, both the Ecorr and polarization curves of steel didn’t show any obvious 
change. So the presence of nitrite had little influence on the anodic and cathodic polarization 
behaviors of steel. There was almost no change in βa, βc and B in these conditions (Fig.3.39-a, 
Fig.3.39-d and Fig.3.39-g). However, in pH12.6 environment with 0.1mol/L Cl- (Fig.3.39-d), the 
steel was corroded with the presence of 0 and 0.02 mol/L nitrite, and was in passive state when 
nitrite concentration was 0.2mol/L. With the increase of nitrite concentration, there was almost no 
change in the cathodic polarization curve, but the anodic polarization curves moved toward the 
direction of lower current density. Corresponding to this, βa decreased while βc remained constant, 
which resulted in the decrease of B value as described in Fig.3.39-a, Fig.3.39-d and Fig.3.39-g. 
In pH10.3 environment without any Cl- or SO4
2- (Fig.3.38-b), the steel was corroded with the 
absence of nitrite, and was in passive state when nitrite concentration was 0.02 and 0.2mol/L. With 
the increase of nitrite concentration, little difference in the cathodic polarization curves was 
observed. The presence of 0.02mol/L nitrite made the anodic polarization curves shifted towards the 
direction of lower current density, but higher nitrite concentration (0.2mol/L) seemed to have no 
significant effect on the further decrease of current density of anodic polarization. Tafel slope βa, βc 
and Stern-Geary constant B all decreased with the presence of nitrite as presented in Fig.3.39-b, 
Fig.3.39-e and Fig.3.39-h. 
In pH10.3 environment with 0.1mol/L Cl- (Fig.3.38-e), the steel was corroded seriously with 
the absence of nitrite. Upon increasing the potential above the self-potential, a passive region was 
found where the current density was of the order of 10-5A/cm2. At potential value higher than 
-125mV vs. Ag/AgCl, an abrupt increase in the current density was observed resulting from the 
onset of the oxygen evolution reaction. The anodic polarization curves obtained in the presence of 
0.02mol/L nitrite was different from the one obtained in the absence of nitrite ions. The presence of 
higher nitrite contents had a substantial effect on the anodic behavior of the steel. The anodic 
polarization curves showed a passive zone, where the passive current density decreased with the 
increasing of nitrite concentrations. It was in the order of 10-6A/cm2 for 0.02mol/L nitrite and 
10-7A/cm2 for 0.2mol/L nitrite. On the other hand, the passivity breakdown potential was observed 
and increased with the increasing of nitrite concentration. It was 125mV for 0.02mol/L nitrite and 
225mV for 0.2mol/L nitrite. Besides this, Tafel slope βa, βc and Stern-Geary constant B were 
greatly influenced by the nitrite concentration. The value of βc and B decreased with the increasing 
of nitrite concentration. The B value with 0mol/L nitrite was almost twice that with 0.2mol/L nitrite 
as shown in Fig.3.39-b, Fig.3.39-e and Fig.3.39-h. 
In pH10.3 environment with 0.1mol/L SO4
2- (Fig.3.38-h), with the absence of nitrite, the steel 
was corroded. As the potential was raised from the self-potential, the current density increased with 
the potential and attained a value of the order of 10-4A/cm2. No breakdown potential was observed 
even the potential reached to 200 mV vs. Ag/AgCl. The presence of 0.02 and 0.2mol/L nitrite ions 
not only shifted the self-potential toward higher values but also decreased the current density of 
anodic and cathodic polarization in the condition of the same over potential. The higher the nitrite 
concentration was, the lower the current density of anodic and cathodic polarization. In this case, 
both Tafel slope βa, βc and Stern-Geary constant B decreased with the presence of nitrite as given in 
Fig.3.39-b, Fig.3.39-e and Fig.3.39-h. 
In pH8.1 environment without any Cl- or SO4
2- (Fig.3.38-c), the steel was corroded seriously 
with the absence of nitrite, and was in passive state when nitrite concentration was 0.02 and 
0.2mol/L. The presence of low content of nitrite (0.02mol/L) not only greatly raised the steel 
potential and reduced the current density of anodic polarization but also markedly decreased the 
current density of cathodic polarization. Under the same over potential, the cathodic polarization 
current density obtained in the solution containing 0.02mol/L nitrite was about one order of 
magnitude lower than that obtained in the absence of nitrite, and further increase of nitrite 
concentration (0.2mol/L) didn’t result in the further decrease of current density of cathodic 
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polarization. In this case, Tafel slope βa, βc and Stern-Geary constant B decreased with the presence 
of nitrite as presented in Fig.3.39-c, Fig.3.39-f and Fig.3.39-i. 
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Fig.3.39 Effect of NO2
- concentration on Tafel slope and Stern-Geary constant B. (a) βa in pH12.6, 
(b) βa in pH0.3, (c) βa in pH8.1, (d) βc in pH12.6, (e) βc in pH10.3, (f) βc in pH8.1, (g) B in pH12.6, 
(h) B in pH10.3, (i) B in pH8.1. 
 
In pH8.1 environment with 0.1mol/L Cl- (Fig.3.38-f), the steel was corroded seriously with the 
absence of nitrite. Upon increasing the potential above the self-potential, no passive region can be 
found. With the presence of nitrite, the self-potential shifted toward the positive direction and was 
function of nitrite concentration. The anodic polarization behavior of steel in this environment 
containing 0.02 or 0.2mol/L nitrite was found to be similar to that observed in pH10.3 environment 
(Fig.3.38-e). A passive region followed by an abrupt increase of current density at the potential 
higher than 50 mV for 0.02mol/L nitrite or 150mV for 0.2mol/L nitrite, was observed. The presence 
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of nitrite also had an effect on the cathodic behavior of steel, which caused the cathodic polarization 
curve shifted to the direction of lower current density. In this case, βa firstly increased when nitrite 
content was very low (0.02mol/L) and then decreased when nitrite content was high (0.2mol/L), 
while βc and Stern-Geary constant B decreased with the presence of nitrite as shown in Fig.3.39-c, 
Fig.3.39-f and Fig.3.39-i. 
In pH8.1 environment only containing 0.1mol/L SO4
2- (Fig.3.38-i), the steel was corroded 
seriously with the absence of nitrite. The presence of 0.02mol/L nitrite led to the increase of 
cathodic polarization current density and the decrease of anodic polarization current density. Higher 
nitrite concentration (0.2mol/L) resulted in further decrease of anodic polarization current density 
and also had an influence on cathodic polarization current density. It can be seen that under the 
same over potential, the cathodic polarization current in the case of 0.2mol/L nitrite was lower than 
that in the case of 0mol/L nitrite. After the anodic and cathodic polarization were finished, visual 
examination of steel surface was performed. Many small pitting holes with the sizes of 0.2mm to 
1mm were observed on the surface of steels immersed in pH8.1 solutions containing 0.02mol/L 
nitrite and 0.1mol/L SO4
2-, while no rust and no pitting hole were found on the surface of steels 
immersed in pH8.1 solutions containing 0.2mol/L nitrite and 0.1mol/L SO4
2-. Cathodic Tafel slope 
βc decreased with the presence of nitrite, while anodic Tafel slope βa and Stern-Geary constant B 
firstly increased when nitrite content was very low (0.02mol/L) and then decreased when nitrite 
content was high (0.2mol/L) as shown in Fig.3.39-c, Fig.3.39-f and Fig.3.39-i. 
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Fig.3.40 Effect of nitrite on polarization curves of steel 
 
When steel is polarized anodically, the steel potential set by potentiostat is greater than 
self-potential. The electrons produced per unit time by the Fe→Fe2++2e- reaction exceed those 
consumed per unit time by the O2+2H2O+4e
-→4OH- reaction and net oxidation occurs at the steel 
surface. A positive value is consistent with the sign convention that assigns a positive value to the 
external circuit current. When steel is corroded, the presence of nitrite accelerates the oxidation of 
Fe2+ into Fe2O3 or γFeOOH and causes the formation of a less porous and more compact passive 
film which inhibits the Fe→Fe2++2e- reaction. The reduction of electrons produced per unit time by 
the Fe→Fe2++2e- reaction results in the decrease of anodic polarization current. When steel is in 
passive state, the properties and composition of the passive film are similar to that found in the 
presence of nitrite [13], so the Fe→Fe2++2e- reaction is little affected and the electrons assigned to 
the external circuit is not changed. Therefore, there is almost no change in anodic polarization 
current. 
Above results indicated that when steel was corroded, the presence of nitrite ions decreased the 
current density of anodic polarization. This conclusion didn’t agree with the opinion of EL-Jazairi 
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et al [41] and Hansson et al [42]. EL-Jazairi et al thought that nitrite ions didn’t enter into the 
reaction involved in producing the anode, but reacted with the resulting products of the anode, thus 
it could not affect the size of the anode [41]. Their explanation sounds reasonable; however, in fact, 
they neglected the repair behavior of nitrite on the passive film, which can inhibit the anodic 
reaction. The reduced anodic reaction produced fewer electrons to external circuit, which leads to 
the decrease of the anodic current and affects the size of the anode. 
Hansson et al [42] thought that nitrite ions could increase the cathodic reaction as shown in 
Fig.3.40-a. The solid lines represent the anodic reaction (Fe→Fe2++2e-) and the cathodic reaction 
(O2+2H2O+4e
-→4OH-) in the absence of any inhibitor and the corresponding equilibrium values of 
self-potential, E1, and corrosion current density, i1. An anodic inhibitor (nitrite ions) will raise the 
self-potential to E2, at which the anodic and cathodic curves intersect in the passive region of anodic 
curve, as illustrated by the dashed line labeled “nitrite” and the corrosion current density is reduced 
to i2 as shown. As we know, nitrite ions act on the dissolution of the steel and reduce the corrosion 
rate by an increase in the potential of the steel. Nitrite as anodic inhibitor has a significant influence 
on anodic curve. Hansson et al didn’t consider the change of anodic curve resulted from nitrite. So 
their views were unreasonable. Based on the experimental results, a reasonable theory is proposed 
as shown in Fig.3.40-b. The effect of nitrite ions on cathodic curve is negligible in highly alkaline 
environment and the anodic current density decreases with the presence of nitrite, therefore, the 
intersection point of anodic and cathodic curves is raised to (E3, i3), which results in the increase of 
potential and the decrease of corrosion current density. 
 
3.4 Conclusions 
In this study, the effect of nitrite concentration and pH on the corrosion of steel has been 
investigated by means of visual examination, half-cell potential, anodic and cathodic polarization 
curves. Based on the above analysis, the following conclusions can be obtained. 
With the presence of nitrite, the corrosion of steel can be inhibited effectively. Chloride 
threshold level and sulfate threshold level are not only increased with the increasing of nitrite 
concentration but also affected by pH. Highly alkaline environment plays an important role in 
assisting nitrite to inhibit corrosion. 
Chloride-induced corrosion is more prone to initiate than sulfate-induced corrosion in highly 
alkaline environment but in neutral environment, when nitrite concentration is equal to or less than 
0.053mol/L, sulfate-induced corrosion is more likely to occur than chloride-induced corrosion. 
For chloride-induced corrosion, using NO2
-/Cl- mole ratio as the parameter to guarantee the 
inhibition effect is suitable in highly alkaline environment, but not appropriate in weakly alkaline 
and neutral environments. For sulfate-induced corrosion, NO2
-/ SO4
2- can not be used as the 
parameter to guarantee the inhibition effect due to the change of its threshold level with nitrite 
concentration. 
When the steel is in passive state, the presence of nitrite has little influence on anodic/cathodic 
polarization curves and Stern-Geary constant B. When the steel is corroded, the addition of nitrite 
has a significant effect on the anodic polarization curve of steel and the Stern-Geary constant B. 
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Chapter 4  
Effect of Anodic and Cathodic Chloride Contents  
On the Macrocell Corrosion and Polarization Behavior  
Of Reinforcing Steel 
 
 
 
 
4.1 Introduction 
It is well known that the chloride ions play an important role in destroying the passive film and 
initiating the corrosion of reinforcing steel embedded in cement mortar or concrete. In the field 
reinforced concrete structures, the presence of chloride on the surface of steel is mainly duo to the 
penetration or diffusion of chloride ions from the external environments. Because of the 
non-uniform environmental exposure conditions and the heterogeneous properties of concrete, the 
transport of chloride ions through the concrete cover is not uniform, which means that chloride 
content may be high in some regions of steel surface and low in other regions of steel surface. The 
non-uniform distribution of chloride ions on the steel surface will make some regions acted as 
anode and other regions acted as cathode, and thus lead to the different micro-cell corrosion and 
macrocell corrosion behaviors of steel.  
Lots of works had been done on the effect of chloride contents on the corrosion of steel, but in 
these works the cathode and anode coexisted, and the macrocell polarization behaviors of cathode 
and anode were not given attention. In addition, little work could be found in the effect of cathodic 
chloride contents on the macrocell corrosion. According to the available literature, Nanayakkara et 
al [1] investigated the behavior of macrocell corrosion when the embedded steel of concrete 
specimens was exposed to the homogeneous and non-homogeneous chloride environments. Their 
results indicated that macrocell current could be observed even when the surrounding chloride 
environment was homogenous. When the chloride environment was non-homogeneous, higher 
macrocell corrosion current was observed between steel segments exposed to different levels of 
chloride contents. Macrocell current became larger when the difference in chloride content was 
increased. 
As mentioned above, some work had been done on the effect of anodic and cathodic chloride 
contents on the macrocell corrosion, but they mainly focused on the macrocell corrosion current, 
did not give an attention to the influence of anodic and cathodic chloride contents on the macrocell 
polarization behaviors of cathode and anode.  
So in this part, firstly, the relationships between macrocell current density and potential 
difference of steels in mortars containing various chloride contents will be analyzed. Secondly, the 
influence of anodic/cathodic chloride contents on the macrocell polarization ratio and macrocell 
polarization slopes of cathode and anode will be investigated, and then the mechanism of macrocell 
corrosion affected by anodic/cathodic chloride contents will be explained. Finally, the relationships 
between macrocell current density and micro-cell current density of steels embedded in mortars 
containing various chloride contents will be presented. 
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4.2 Experimental 
Plain round mild steel bars 19mm in diameter and 180mm in length were used in the 
experiment. The chemical composition of the steel was (wt %): 0.146C%, 0.223Si%, 0.521Mn%, 
0.019P%, 0.010S% and balance Fe. At one end of the steel bar, lead wire was fixed to the steel by 
screw and the connection area was sealed by PS resin. In order to prevent any atmospheric 
corrosion and enhance the reliability and accuracy of measurement, the two bare ends with 40mm in 
length of the steel were firstly coated with PS resin and then were coated with epoxy resin. The 
exposed area of the steel was 59.7cm2. The surface of the exposed area was polished by sandpaper 
No.180 and cleaned with acetone just prior to being placed in the mold so as to ensure the accurate 
experiment results as much as possible. 
The corrosion behaviors of steel bars were investigated in cement mortar blocks with a 
dimension of 80×80×160mm. Each mortar block as shown in Fig.4.1 contained a centrally located 
steel bar and four uniformly distributed small holes which were 6mm in diameter and 8mm in 
distance away from the central steel. For each small hole, polypropylene pipe with 6mm in outer 
diameter and 5.8mm in inner diameter was inserted in the hole and bended upward into 90-degree 
angle.  
7.5
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Ø40
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Lead wire 
Screw
Plain round bar
10030 30
 
Fig.4.1. Schematic illustration of specimens used in this study (Unit: mm) 
 
Table 4-1 Case design for the effect of anodic and cathodic chloride contents 
Case No A-Side B-Side Case No A-Side B-Side 
12-1 P70-0-3 P70-1.5-1 12-2 P70-0-4 P70-1.5-2 
11-1 P70-0-1 P70-3-1 11-2 P70-0-2 P70-3-2 
13-1 P70-0-45 P70-6-1 13-2 P70-0-46 P70-6-2 
14-1 P70-3-25 P70-6-3 14-2 P70-3-26 P70-6-4 
15-1 P70-6-5 P70-6-6 15-2 P70-6-7 P70-6-8 
 Effect of anodic chloride contents (cases 11, 12, 13);   
 Effect of cathodic chloride contents (cases 13, 14, 15).  
 
For each cement mortar specimen, the mix proportion of water/cement/sand was 0.7:1:5. 
Ordinary portland cement that met the specification requirements of JIS R5210 and had a density of 
3.15g/cm3 was used. Sea sand that passed through JIS A 1102 sieve No.4 (4.75 mm-opening) and 
washed by tap water was selected as the fine aggregate. Its density and water absorption were 
2.58g/cm3 and 1.53%, respectively. For some specimens, chloride ions were added into the cement 
mortar at the time of casting as NaCl dissolved in the mix water. Although the directly mixing 
chloride ions into the cement mortar made the steel didn’t have time to passivate before 
encountering chlorides, and had a influence on the properties of mortar, the reasons for doing this in 
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our study were, firstly, to accelerate the corrosion of steel and secondly to control the chloride 
content on the steel-concrete interface. All the specimens were allowed to set and harden in mold 
for 1 day before being demolded and then cured for the next two weeks under water. After that, they 
were allowed to dry under laboratory environment for another two weeks, prior to the beginning of 
experiment measurements. 
Table 4-1 gives the cases which results will be presented and analyzed in this part. The 
polished steels were used in both A-side and B-side. The mortars with a water/cement ratio of 0.7 
were used. In order to investigate the effect of anodic chloride contents on the macrocell 
polarization behaviors of cathodic and anodic steels, case 12, case 11 and case 13 were selected. For 
these three cases, the chloride content in the specimens of A-side was all 0 wt% of cement while the 
chloride content in the specimens of B-side was 1.5, 3 and 6 wt% of cement, respectively. Similarly, 
in order to investigate the effect of cathodic chloride contents on the macrocell polarization 
behaviors of cathodic and anodic steels, case 13, case 14 and case 15 were selected. For these three 
cases, the chloride content in the specimens of A-side was 0, 3 and 6 wt% of cement while the 
chloride content in the specimens of B-side was all 6 wt% of cement, respectively. 
2 Weeks 2 Weeks
1st Cycle
A B A B
……Nth Cycle
2 Weeks 2 Weeks
2nd Cycle
A B A B
 
Fig.4.2 Experimental process of this study 
The experimental process was shown in Fig.4.2. Firstly the specimens in A-side and B-side 
were disconnected for two weeks and then they were connected for another two weeks. These four 
weeks were defined as one cycle and 22 cycles for case 11~12 and 18 cycles for case 13~15 were 
carried out in this study. The disconnected periods and connected periods lasted two weeks 
respectively, which was mainly because in the disconnected period two weeks were an appropriate 
time for the recovery and stabilization of steel corrosion state and in the connected period two 
weeks were considered as a suitable time for the stabilization of macrocell current and macrocell 
polarization. The advantages of using two separate specimens were that firstly during the 
disconnected period, the micro-cell behaviors of steel in both A-side and B-side did not interfere 
with each other and secondly during the connected period, the macrocell behaviors of steel in both 
A-side and B-side were easy to be observed and investigated. The specimens in both A-side and 
B-side were placed in the opposite direction of casting mortar, because the formation of voids in the 
bottom steel-concrete interface was prone to more than that in the top half steel-concrete interface 
as a result of segregation, settlement and bleeding of fresh cement mortar.  
During the whole process of experiments, half-cell potential (Ecorr) referred to Ag/AgCl 
electrode, resistance of reinforcing steel (unit: Ω) and resistance of concrete (unit: Ω) were 
measured at set intervals by the use of CM-SE1 which was a device for corrosion detection and was 
developed by Nippon Steel Techno Research. Since the current imposed by the device was not 
uniformly distributed on the surface of steel and was greatly affected by the thickness of concrete 
cover and the diameter of reinforcing steel, the polarization resistance of steel (unit: kΩ.cm2) and 
resistance of mortar (unit: kΩ.cm2) would be a function of mortar cover thickness and steel diameter. 
In this study, they were calculated by the auxiliary software of this device which fully considered 
the influence of concrete cover thickness and steel diameter. Before the measurement, 
water-saturated cotton was placed between the electrode of device and the surface of specimen to 
ensure the good current transmission. Generally, it was essential to wet the specimen surface and 
allow sufficient time for the moisture to penetrate the surface layers to stabilize the potential. ASTM 
C876 standard emphasizes that, if the measured value of half-cell potential changes or fluctuates 
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with time, the surface of the concrete should be wetted for at least 5 minutes. Unfortunately, in 
order to make as many measurements as possible in as short a time as possible, this 
recommendation is often ignored. Yet even 5 minutes were found to be insufficient to achieve a 
stable potential. Experiment of Poursaee and Hansson [2], in which the half-cell potential of steel 
embedded in a concrete beam was measured every 0.2s for 90 minutes from the time of the initial 
wetting, indicated that it took about 15 minutes for the potential to reach a stable value. This time 
would be dependent on a number of factors, particularly the saturation degree of the concrete. In the 
present experiment, the time taken from wetting the mortar surface to starting the measurement was 
30 minutes which was enough to ensure the stable of half-cell potential of steel. 
In order to distinguish the micro-cell corrosion current density and the macrocell corrosion 
current density and to better understand the relationship between them, the corrosion current density 
of steel in the disconnected periods was defined as the micro-cell corrosion current density of steel 
[3][4][5][6]. It was calculated by the use of Stern-Geary equation: icorr-mi = B/Rp, where Rp was the 
polarization resistance of steel and B was a constant which varied with the expression that B = 
βaβc/(2.3(βa+βc)), where βa and βc were the anodic and cathodic Tafel slopes obtained from the 
anodic and cathodic polarization curves of steel, respectively. 
In the connected periods of each cycle, the macrocell current flowing between A-side and 
B-side was measured by zero resistance ammeters (ZRA). The macrocell corrosion current density 
of steel was calculated by the equation: icorr-ma = Ima/Aa, where Ima was the macrocell current (unit: 
μA) and Aa (unit: cm2) was the surface area of steel acted as anode specimen. The anode specimen 
was defined as the specimen that produced electrons and could be judged from the direction of 
current flow. The direct measurement of macrocell current had been used effectively by some 
researchers. It had the advantage that the current measured was that naturally flowing and did not 
result from the perturbation of the system. Its main disadvantage was that the current flowing within 
either of the two electrodes was not included and thus the measured macrocell current might be less 
than the true corrosion current. For some conditions, this effect could be significant, notably when 
the resistance of the concrete or mortar was too high to support the macrocell activity. For this 
reason, the specimens in A-side and B-side were partially immersed in water to enhance the 
electro-conductivity of mortar. 
 
4.3 Results and discussion 
4.3.1 Time evolution curves of Ecorr, icorr 
The time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density of steels and the resistivity of mortars for the cases designed in Table 4-1 were shown in 
Fig.4.3 Fig.4.4 Fig.4.5 Fig.4.6and Fig.4.7 respectively. Seen from these figures, in the disconnected 
periods, the difference of half-cell potential, micro-cell current density and mortar resistivity 
between specimens in A-side and specimens in B-side could be observed clearly. For each case, 
when the steel in A-side was connected with the steel in B-side, the macrocell polarization 
behaviors of cathodic steel and anodic steel could be confirmed. The steel with a lower half-cell 
potential was polarized to a higher potential while the steel with a higher half-cell potential was 
polarized to lower potential. The electrons produced by the anodic steel was consumed by the 
cathodic steel and therefore resulted in the flow of macrocell current between the two steels.  
For each case, with the increasing of cycle numbers, the change of half-cell potential, 
micro-cell current density and mortar resistivity caused the change of macrocell current density and 
the change of macrocell polarization degrees of cathode anode and mortar. The time dependent 
variation of these electrochemical parameters might be attributed to the comprehensive effect of 
various kinds of factors such as temperature, moisture content of mortar, the diffusion of oxygen, 
the change of resistance of cement mortar and the change of microstructure of the interfacial 
transition zone between steel and cement mortar. 
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(a)                                (b) 
Fig.4.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0%Cl- in cathode and 1.5% Cl- in anode. (a) Case 
12-1, P70-0-3 in A-side and P70-1.5-1 in B-side, (b) case 12-2, P70-0-4 in A-side and P70-1.5-2 in 
B-side. 
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(a)                                (b) 
Fig.4.4. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0%Cl- in cathode and 3% Cl- in anode. (a) Case 
11-1, P70-0-1 in A-side and P70-3-1 in B-side, (b) case 11-2, P70-0-2 in A-side and P70-3-2 in 
B-side. 
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(a)                                (b) 
Fig.4.5. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0%Cl- in cathode and 3% Cl- in anode. (a) Case 
13-1, P70-0-45 in A-side and P70-6-1 in B-side, (b) case 13-2, P70-0-46 in A-side and P70-6-2 in 
B-side. 
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(a)                                (b) 
Fig.4.6. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 3%Cl- in cathode and 6% Cl- in anode. (a) Case 
14-1, P70-3-25 in A-side and P70-6-3 in B-side, (b) case 14-2, P70-3-26 in A-side and P70-6-4 in 
B-side. 
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(a)                                (b) 
Fig.4.7. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 6%Cl- in cathode and 6% Cl- in anode. (a) Case 
15-1, P70-6-5 in A-side and P70-6-6 in B-side, (b) case 15-2, P70-6-7 in A-side and P70-6-8 in 
B-side. 
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4.3.2 Relationships between ΔEcorr and macrocell current density 
The potential difference between anodic and cathodic was one of the important factors to affect 
the macrocell current. So in order to better understand the effect of anodic/cathodic chloride 
contents on the macrocell current, the relationship between potential difference and the macrocell 
current density would be investigated. The definition of potential difference was given in Fig.4.8. 
The ΔEcorr 1 was defined as the potential difference between cathodic steel and anodic steel during 
the disconnected periods, and ΔEcorr 4 was the potential difference between cathodic steel and 
anodic steel during the connected periods. While ΔEcorr 2 was the potential difference of cathodic 
steel during the disconnected periods and connected periods, and ΔEcorr 3 was the potential 
difference of anodic steel during the disconnected periods and connected periods. For the steel in 
A-side and the steel in B-side, which acted as cathode and which acted as anode was judged based 
on the direction of macrocell current. Conventionally, the direction of macrocell current was from 
cathode to anode and was in the opposite direction of the flow of electrons. So if the macrocell 
current was flowing from the steel in A-side to the steel in B-side, the steel in A-side acted as 
cathode that consumed the electrons and the steel in B-side acted as anode that released the 
electrons; if the macrocell current was flowing from the steel in B-side to the steel in A-side, the 
steel in A-side acted as anode and the steel in B-side acted as cathode. 
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Fig.4.8. Definition of potential difference of macrocell corrosion. 
 
The influence of anodic chloride contents on the relationships between ΔEcorr i (i=1,2,3) and 
the macrocell current density was presented in Fig.4.9. Seen from Fig.4.9-a, the macrocell current 
density was a function of ΔEcorr 1 and increased with the increasing of ΔEcorr 1. The influence of 
anodic chloride contents on the relationships between the macrocell current density and ΔEcorr 1 
could be confirmed from the experimental results. For the given ΔEcorr 1, the macrocell current 
density that formed in the cases with different anodic chloride contents varied in a wide range and 
some of them overlapped each other. Seen from the overlapping regions that ΔEcorr 1 ranged from 
320~390mV, the macrocell current densities that formed in the cases with 6% Cl- in anode were 
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relatively higher than that formed in the cases with 1.5% Cl- in anode. This indicated that higher 
anodic chloride contents could increase the kinetics of anodic reaction and decrease the resistance 
of anodic steel, and therefore led to the higher macrocell current. It should be noted that the ranges 
of ΔEcorr 1 for the cases with 1.5%, 3% and 6% Cl- in anode were 190~390mV, 300~570mV and 
290~680mV, respectively. The macrocell potential difference (ΔEcorr 1) increased with the 
increasing of anodic chloride contents. So another mechanism of higher anodic chloride contents to 
increase the macrocell current was that the higher anodic chloride contents could increase the 
macrocell potential difference (ΔEcorr 1) and resulted in the increasing of macrocell current. 
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(a)                          (b)                           (c) 
Fig.4.9. Effect of anodic chloride contents on the (a) relationships between ΔEcorr 1 and macrocell 
current density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships 
between ΔEcorr 3 and macrocell current density. 
 
Fig.4.9-b shows the influence of anodic chloride contents on the relationship between 
macrocell current density and ΔEcorr 2 that represented the macrocell polarization degree of 
cathode. It could be found that the macrocell current density also increased with the increasing of 
ΔEcorr 2. The ranges of ΔEcorr 2 for the cases with 1.5%, 3% and 6% Cl- in anode were 60~280mV, 
210~330mV and 230~390mV, respectively. So the higher anodic chloride contents could increase 
the macrocell potential difference (ΔEcorr 2) and resulted in the increasing of macrocell current. 
Fig.4.9-c describes the influence of anodic chloride contents on the relationship between 
macrocell current density and ΔEcorr 3 that represented the macrocell polarization degree of anode. 
It also could be found that, irrespective of anodic chloride contents, the macrocell current density 
produced by anodic steel was a function of ΔEcorr 3 and increased with the increasing of ΔEcorr 3. 
A small macrocell potential difference could lead to the significantly increase of macrocell current. 
When ΔEcorr 3 ranged from 1~100mV, the magnitudes of macrocell current density for the cases 
with 1.5%, 3% and 6% Cl- in anode were in the range of 0.005~0.221, 0.019~0.556 and 
0.047~0.637 μA/cm2, respectively. So the higher anodic chloride contents could increase the 
kinetics of anodic reactions and thus led to the increasing of macrocell current. 
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(a)                          (b)                           (c) 
Fig.4.10. Effect of cathodic chloride contents on the (a) relationships between ΔEcorr 1 and 
macrocell current density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) 
relationships between ΔEcorr 3 and macrocell current density. 
 
The influence of cathodic chloride contents on the relationships between ΔEcorr i (i=1,2,3) and 
the macrocell current density was presented in Fig.4.10. Seen from Fig.4.10-a, the macrocell current 
density had an increase trend with the increasing of ΔEcorr 1. The ranges of ΔEcorr 1 for the cases 
with 0%, 3% and 6% Cl- in cathode were 290~680mV, 95~530mV and 20~300mV, respectively. 
Although the ranges of ΔEcorr 1 for these three cases overlapped each other in some extent, the 
macrocell potential difference (ΔEcorr 1) still showed a decreasing trend with the increasing of 
cathodic chloride contents. The macrocell current density for cases with 0%, 3% and 6% Cl- in 
cathode were in the range of 0.047~0.637, 0.091~0.495 and 0.006~0.823 μA/cm2, respectively. The 
ranges of macrocell current density for these three cases overlapped to a great extent. The lower 
macrocell potential difference (ΔEcorr 1) formed by the cases with higher cathodic chloride 
contents (6% Cl- in cathode) did not necessarily mean a lower macrocell current density, because 
the ΔEcorr 1 was not the only parameter to affect the magnitude of macrocell current density, the 
resistivity of cathodic and anodic steels also played an important role in controlling the magnitude 
of macrocell current density. For the cases with higher cathodic chloride content, the decrease of 
macrocell current density caused by the lower macrocell potential difference could be compromised 
by the increase of macrocell current density caused by the reduction of the resistance of cathodic 
steel. This means that the macrocell current density for cases with 6% Cl- in cathode might be 
higher or lower than that for the cases with 0% Cl- in cathode, depending on the comprehensive 
effect of ΔEcorr 1 and the resistance of cathodic steel. So the effect of cathodic chloride contents on 
the macrocell current density was more complexity than the effect of anodic chloride contents on 
the macrocell current density. 
Fig.4.10-b shows the influence of cathodic chloride contents on the relationship between 
macrocell current density and ΔEcorr 2 that represented the macrocell polarization degree of 
cathode. The cathodic chloride contents had a greater effect on the potential difference ΔEcorr 2, but 
less influence on the macrocell current density. The macrocell current density for cases with 6% Cl- 
in cathode was almost in the same magnitude of macrocell current density for cases with 1.5 or 3% 
Cl- in cathode. The ranges of ΔEcorr 2 for the cases with 0%, 3% and 6% Cl- in cathode were 
Kyushu Institute of Technology 
66 
220~390mV, 60~280mV and 2~70mV, respectively. The ΔEcorr 2 decreased with the increase of 
cathodic chloride contents. The direct reason for this was that ΔEcorr 1 decreased with the increase 
of cathodic chloride contents. Another reason might be that the higher cathodic chloride contents 
promoted the formation and accumulation of rust oxides on the surface of cathodic steel. These rust 
oxides were generally porous and had a large effective surface area, which greatly increased the 
oxygen reduction of cathodic steel. The enhancement of cathodic reactions could decrease the 
macrocell polarization degree (ΔEcorr 2) of cathode and increase the macrocell polarization degree 
of anode (ΔEcorr 3). 
Fig.4.10-c describes the influence of cathodic chloride contents on the relationship between 
macrocell current density and ΔEcorr 3 that represented the macrocell polarization degree of anode. 
As discussed above, the higher cathodic chloride contents could increase the macrocell polarization 
degree of anodic steel, and therefore had an effect on the potential difference ΔEcorr 3. The ΔEcorr 
3 for the cases with 0%, 3% and 6% Cl- in cathode were mainly in the range of 3~140mV, 
5~380mV and 2~270mV, respectively. Seen from the overlapping regions that ΔEcorr 3 ranged 
from 5~140mV, the macrocell current densities that formed in the cases with 3% Cl- in cathode 
were relatively lower than that formed in the cases with 0% Cl- in cathode and higher than that 
formed in the cases with 6% Cl- in cathode. One reasonable explanation on this would be related to 
the magnitude of ΔEcorr 1 and the macrocell polarization ratio of anodic steel. 
 
4.3.3 Effect of anodic and cathodic chloride contents on the macrocell polarization ratios of 
cathode and anode 
In the macrocell corrosion state, it was important to know the relative contributions from the 
resistance of mortar and the polarization of the steels, as described by ΔEcorr 1 = ΔEcorr 2 + ΔEcorr 
3 + ΔEcorr 4, which had been graphically illustrated in the front part (Fig.4.8). In order to obtain the 
relative contributions of ΔEcorr i (i=2,3,4) on ΔEcorr 1 for the cases with various anodic/cathodic 
chloride contents, the relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) were plotted in 
Fig.4.11 and were fitted by the linear function. The slopes of the lines were defined as the macrocell 
polarization ratio of cathodic steels, the macrocell polarization ratio of anodic steels and the 
macrocell polarization ratio of mortar resistance, respectively.  
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Fig.4.12. Controlling mode of macrocell corrosion 
The controlling mode of macrocell corrosion usually depends on the relative extent of 
macrocell polarization ratio of anodic steel, cathodic steel and mortar resistance. If the macrocell 
polarization ratio of anode is very low and the macrocell polarization ratio of cathode is very high, 
then, in mortar with low resistivity, the flowing of macrocell current is mainly controlled by cathode. 
Such a situation is considered to be under cathodic control as described in Fig.4.12-a. If the 
macrocell polarization ratio of anode is very high and the macrocell polarization ratio of cathode is 
very low, the status is reversed and the macrocell corrosion is said to be under anodic control as 
shown in Fig.4.12-b. If the macrocell polarization ratio of anode is high and almost equal to that of 
cathode, the macrocell corrosion is considered to be under mixed control as presented in Fig.4.12-c. 
If both the macrocell polarization ratio of anode and cathode are very low, and the macrocell 
polarization ratio of mortar is relative high, the flowing of macrocell current is controlled by the 
resistivity of the path, mostly in dry concrete, then the macrocell corrosion is said to be under 
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resistance control as illustrated in Fig.4.12-d. 
Cathode: 0%    Anode: 1.5%
△Ecorr 2 = 0.7483*△Ecorr 1
△Ecorr 3 = 0.0971*△Ecorr 1
△Ecorr 4 = 0.1681*△Ecorr 1
0
100
200
300
400
500
600
0 200 400 600 800
△Ecorr 1
△
E
co
rr
 i
 (
i=
2
,3
,4
)
△Ecorr2
△Ecorr3
△Ecorr4
Cathode: 0%    Anode: 6%
△Ecorr 2 = 0.7652*△Ecorr 1
△Ecorr 3 = 0.1745*△Ecorr 1
△Ecorr 4 = 0.0689*△Ecorr 1
0
100
200
300
400
500
600
0 200 400 600 800
△Ecorr 1
△
E
co
rr
 i
 (
i=
2
,3
,4
)
△Ecorr2
△Ecorr3
△Ecorr4
Cathode: 0%    Anode: 3%
△Ecorr 2 = 0.7042*△Ecorr 1
△Ecorr 3 = 0.1431*△Ecorr 1
△Ecorr 4 = 0.1583*△Ecorr 1
0
100
200
300
400
500
600
0 200 400 600 800
△Ecorr 1
△
E
co
rr
 i
 (
i=
2
,3
,4
)
△Ecorr2
△Ecorr3
△Ecorr4
 
      (a)                       (b)                     (c) 
Cathode: 3%    Anode: 6%
△Ecorr 2 = 0.5011*△Ecorr 1
△Ecorr 3 = 0.4215*△Ecorr 1
△Ecorr 4 = 0.0793*△Ecorr 1
0
100
200
300
400
500
600
0 200 400 600 800
△Ecorr 1
△
E
co
rr
 i
 (
i=
2
,3
,4
)
△Ecorr2
△Ecorr3
△Ecorr4
Cathode: 6%    Anode: 6%
△Ecorr 2 = 0.2134*△Ecorr 1
△Ecorr 3 = 0.7785*△Ecorr 1
△Ecorr 4 = 0.0803*△Ecorr 1
0
100
200
300
400
500
600
0 200 400 600 800
△Ecorr 1
△
E
co
rr
 i
 (
i=
2
,3
,4
) △Ecorr2
△Ecorr3
△Ecorr4
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Fig.4.11. Original relationships between ΔEcorr 1 and ΔEcorr I (i=2,3,4). (a) cases with 0%Cl- in 
cathode and 1.5% Cl- in anode, (b) cases with 0%Cl- in cathode and 3% Cl- in anode, (c) cases with 
0%Cl- in cathode and 6% Cl- in anode, (e) cases with 3%Cl- in cathode and 6% Cl- in anode, (f) 
cases with 6%Cl- in cathode and 6% Cl- in anode. 
The effect of anodic chloride contents on the macrocell polarization ratio of cathode, the 
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macrocell polarization ratio of anode and the macrocell polarization ratio of mortar resistance were 
summarized in Fig.4.13. For the cases with 1.5%, 3% and 6% Cl- in anode, the macrocell 
polarization ratio of cathodic steels were about 74.8%, 70.4% and 76.5% respectively, the macrocell 
polarization ratio of anodic steels were about 9.7%, 14.3% and 17.4% respectively, the macrocell 
polarization ratio of mortars resistance were about 16.8%, 15.8% and 6.9% respectively. It could be 
found that the anodic chloride contents not only have an impact on the macrocell polarization ratio 
of cathode, but also had an influence on the macrocell polarization ratio of anode and the macrocell 
polarization ratio of mortar resistance. Compared the case with 3% Cl- in anode, the higher anodic 
chloride content (6%) could lead to the increase of macrocell polarization ratio of cathode, the 
decrease of macrocell polarization ratio of anode and the decrease of macrocell polarization ratio of 
mortar. It was well known that the admixed chloride ions could decrease the electrical resistivity of 
mortar by increasing the ionic conductivity of electrical current through mortar [7]. The higher 
anodic chloride content could also decrease the resistivity of mortar between anodic steel and 
cathodic steel, and therefore decreased the relative contributions of mortar on the macrocell 
polarization.  
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Fig.4.13. Effect of anodic chloride content on the macrocell polarization ratio of cathode, anode and 
mortar. (Original results) 
 
It should be noted that the macrocell polarization ratio of anode in the case with 3% or 6% Cl- 
in anode was higher than that in the case with 1.5% Cl- in anode, which was contrary to the above 
conclusion that the higher anodic chloride content could lead to the decrease of macrocell 
polarization ratio of anode. However, this did not mean that the conclusion was wrong and there 
must be some reasons that resulted in the difference results. In the micro-cell corrosion state or the 
disconnected periods of this study, compared to the case with 1.5% Cl- in anode, the half-cell 
potential of anodic steel in the case with 3% or 6% Cl- in anode might be affected by the insufficient 
oxygen and was a more negative value. This could be confirmed by the recovery process of 
half-cell potential of anodic steels (P70-3-2 and P70-6-2) as shown in Fig.4.4-b and Fig.4.5-b. 
When the corrosion state of anodic steel was changed from macrocell corrosion state to micro-cell 
corrosion state, compared to the quick recovery of half-cell potential of cathodic steel in less than 
one day, the time taken for the recovery of half-cell potential of anodic steel (P70-3-2 from 2nd 
Kyushu Institute of Technology 
69 
cycle to 8th cycle and P70-6-2 from 2nd cycle to 5th cycle) to a stable value was more than 10 days, 
which was also higher than that (also less than one day) for the recovery of half-cell potential of 
anodic steel in the case with 1.5% Cl- in anode.  
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Fig.4.14. Modified relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4). (a) Cases with 0%Cl- in 
cathode and 1.5% Cl- in anode, (b) cases with 0%Cl- in cathode and 3% Cl- in anode, (c) cases with 
0%Cl- in cathode and 6% Cl- in anode. 
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Fig.4.15. Effect of anodic chloride content on the macrocell polarization ratio of cathode, anode and 
mortar. (Modified results) 
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The data from 2nd cycle to 8th cycle in case 11-2 (3% Cl- in anode), the data from 12th to 16th 
cycle in case 11-1 (3% Cl- in anode) and the data from 2nd cycle to 5th cycle in case 13-2 (6% Cl- 
in anode), were the direct reason that resulted in the higher macrocell polarization ratio of anode. 
Because the recovery time of half-cell potential of anodic steel in these cycles (more than 10 days) 
was long and the half-cell potential of anodic steel in these cycles might be affected by the 
insufficient oxygen, the data in these cycles was best not to be used to calculate the macrocell 
polarization ratio. After removing these data from the cases with 3% or 6% Cl- in anode, the 
modified relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) were shown in Fig.4.14, and the 
modified macrocell polarization ratios of cathode, anode and mortar were presented in Fig.4.15.  
Seen from the modified macrocell polarization ratios as summarized in Fig.4.15, for the cases 
with 1.5%, 3% and 6% Cl- in anode, the macrocell polarization ratio of cathodic steels were about 
74.8%, 73.6% and 85.1% respectively, the macrocell polarization ratio of anodic steels were about 
9.7%, 9.1% and 6.9% respectively, the macrocell polarization ratio of mortars resistance were about 
16.8%, 17.5% and 9.2% respectively. From these data, it could be confirmed that the higher anodic 
chloride content could lead to the increase of macrocell polarization ratio of anode, the decrease of 
macrocell polarization ratio of cathode and mortar. Therefore, the the higher anodic chloride content 
could make the macrocell corrosion more controlled by cathode. In the real reinforcing concrete 
structures, due to the existance of large cathode and small anode, the higher anodic chloride content 
could accelerate the macrocell corrosion. 
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        (a)                                  (b) 
Fig.4.16. Effect of anodic chloride content on the macrocell polarization ratio of cathode, anode and 
mortar. (a) Original results, (b) Modified results. 
 
The effect of cathodic chloride contents on the macrocell polarization ratio of cathode, the 
macrocell polarization ratio of anode and the macrocell polarization ratio of mortar were 
summarized in Fig.4.16. Seen from the original results as shown in Fig.4.16-a, for the cases with 
0%, 3% and 6% Cl- in cathode, the macrocell polarization ratio of cathodic steels were about 76.5%, 
50.1% and 21.3% respectively, the macrocell polarization ratio of anodic steels were about 17.4%, 
42.1% and 77.8% respectively, the macrocell polarization ratio of mortars resistance were about 
6.9%, 7.9% and 8.0% respectively. The cathodic chloride contents had a noticeable influence on the 
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macrocell polarization ratio of cathode and the macrocell polarization ratio of anode. The higher 
cathodic chloride contents led to the significant increase in the macrocell polarization ratio of anode 
and the obvious decrease in the macrocell polarization ratio of cathode. This conclusion also could 
be confirmed from the modified results as presented in Fig.4.15-b. So the higher cathodic chloride 
content could make the controlling mode of macrocell corrosion changed from cathodic control to 
mixed control or anodic control. Due to the situation of large cathode and small anode in the real 
concrete structures, the harmful effect of macrocell corrosion could be weakened.  
The higher cathodic chloride content could promote the formation and accumulation of rust 
oxides on the surface of cathodic steel. These rust oxides were generally porous and had a large 
effective surface area, which greatly increased the oxygen reduction of cathodic steel. In addition, 
the redox reactions of rust oxides on the surface of cathodic steel could be enhanced by the over 
potential imposed by anodic steel in the connected periods, which further promoted the 
consumption of electrons transferred from the anodic steel. Both of these two aspects greatly 
enhanced the cathodic reaction rate of cathodic steel, which could result in the remarkable increase 
of half-cell potential of anodic steel and little decrease of half-cell potential of cathodic steel and 
therefore led to the significant increase in the macrocell polarization ratio of anode and the obvious 
decrease in the macrocell polarization ratio of cathode. 
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Fig.4.17. Effect of cathodic chloride contents on the cathodic reaction rate of cathode 
 
The enhancement of cathodic reaction rate of cathodic steel for the cases with higher cathodic 
chloride content could be confirmed by the experimental results presented in Fig.4.17. For the same 
macrocell polarization potential of cathode, the electrons or macrocell currents consumed by 
cathode with 3% Cl- were two orders of magnitude higher than that consumed by cathode with 0% 
Cl-. The higher cathodic chloride content enhanced the cathodic reaction rate of cathodic steel and 
therefore made it possible for the cathodic steel to be polarized in a low level and for the anodic 
steel to be polarized in a high level. 
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4.3.4 Effect of anodic and cathodic chloride contents on the macrocell polarization slopes of 
cathode and anode 
The macrocell polarization slope of cathode (anode) had been defined in the macrocell 
corrosion model proposed by Maruya et al [8] as shown in Fig.4.18. The macrocell polarization 
slope and angle of cathode was marked as βma-c and θc, while the macrocell polarization slope and 
angle of anode was marked as βma-a and θa. The βma-c or βma-a could be calculated by the two points 
that represented the corrosion state of cathodic or anodic steel in micro-cell corrosion state ((imi-c, 
Emi-c) or (imi-a, Emi-a)) and macrocell corrosion state ((ima, Ema-c) or (ima, Ema-a)). The value of the 
point that represented the corrosion state of cathodic (anodic) steel in micro-cell corrosion state was 
obtained by averaging the half-cell potential and the micro-cell current density obtained in the 
disconnected periods, while the value of another point that represented the corrosion state of 
cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the half-cell potential 
and the macrocell current density obtained in the connected periods.  
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Fig.4.18 Definition of macrocell polarization slope of cathode and anode [26] 
 
The macrocell polarization slopes of cathode (βma-c) and anode (βma-a) could reflect the 
polarization ability of cathode and anode in the macrocell corrosion state. The higher the βma-c was, 
the stronger the ability of cathode to consume the electrons, which means the lower was macrocell 
polarization resistance of cathode. The lower the βma-a was, the stronger the ability of anode to 
produce the electrons, which means the lower was macrocell polarization resistance of anode. 
Fig.4.19 shows the time evolution of macrocell polarization slopes of cathode (βma-c) and 
anode (βma-a). It could be found that with the increasing of cycle number, the macrocell polarization 
slopes of cathode and anode fluctuated in a range, but remained relatively stable the first cycle to 
the last cycle. 
For the cases with various anodic chloride contents, the average values and the standard 
deviation of macrocell slopes (βma-c and βma-a) were analyzed statistically based on the data obtained 
from the first cycle to the last cycle. The results were presented in Fig.4.20-a. The average values of 
βma-c for the cases with 1.5%, 3% and 6% Cl- in anode, were -246, -174 to -245 mV/dec, 
respectively. The average values of βma-a, for the cases with 1.5%, 3% and 6% Cl- in anode, were 
190, 105 to 95 mV/dec, respectively. The anodic chloride content did not have much impact on the 
macrocell polarization slope of cathode (βma-c), but had a significant influence on the macrocell 
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polarization slope of anode (βma-a). The higher anodic chloride content decreased the macrocell 
polarization slope of anode (βma-a). This means that when the cathodic chloride content kept 
constant, the increasing of anodic chloride contents could greatly decrease the macrocell 
polarization resistance of anode and had little influence on the macrocell polarization resistance of 
cathode in the macrocell corrosion state. The decrease the macrocell polarization resistance of 
anode could accelerate the macrocell corrosion rate of anodic steel. 
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Fig.4.19 Time evolution of macrocell polarization slopes of cathode (βma-c) and anode (βma-a) 
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Fig.4.20. Effect of (a) anodic chloride contents, (b) cathodic chloride contents on the macrocell 
polarization slopes of cathode and anode. 
 
The effect of cathodic chloride contents on the macrocell polarization slopes of cathode and 
anode was summarized in Fig.4.20-b. For the cases with 0%, 3% and 6% Cl- in cathode, the average 
values of βma-c were -245, -162 to -42 mV/dec, respectively, while the average values of βma-a were 
95, 129 to 126 mV/dec, respectively. The cathodic chloride contents increased the macrocell 
polarization slope of cathode (βma-c) but had little effect the macrocell polarization slope of anode 
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(βma-a). This means that when the anodic chloride content kept constant, the increasing of cathodic 
chloride contents could greatly decrease the macrocell polarization resistance of cathode (the ability 
of cathode to consume the electrons was increased) but had little influence on the macrocell 
polarization resistance of anode (the ability of anode to produce the electrons was not changed). 
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Fig.4.21. Effect of (a) anodic chloride contents, (b) cathodic chloride contents on the macrocell 
polarization angles of cathode and anode. 
 
In order to better understand the effect of cathodic and anodic contents on the macrocell 
polarization slopes of cathode and anode, the macrocell polarization angles of cathode (θc) and 
anode (θa) were used instead of the βma-c and βma-a. Duo to the relationships that βma-c=-tan(θc) and 
βma-a=tan(θa), the macrocell polarization angle of cathode (θc) and anode (θa) could be obtained. 
Theoretically, the higher the θc was, the lower the ability of cathode to consume the electrons, 
which means the higher was macrocell polarization resistance of cathode. The higher the θa was, 
the lower the ability of anode to produce the electrons, which means the higher was macrocell 
polarization resistance of anode. 
The effect of cathodic and anodic contents on the macrocell polarization angles of cathode (θc) 
and anode (θc) were described in Fig.4.21. The data presented in this figure were all same to that 
given in Fig.4.18, which were just expressed in a different way to better understand the influence of 
cathodic and anodic contents on the polarization resistance of cathode and anode in the macrocell 
state.  
For the cases with various anodic chloride contents, the average values and the standard 
deviation of macrocell slopes (θc and θa) were analyzed statistically based on the data obtained 
from the first cycle to the last cycle. The results were presented in Fig.4.21-a. The average values of 
θc for the cases with 1.5%, 3% and 6% Cl- in anode, were 89.77, 89.67 to 89.77 degrees, 
respectively. The average values of θa for the cases with 1.5%, 3% and 6% Cl- in anode, were 89.70, 
89.45 to 89.40 degrees, respectively. The anodic chloride content did not have much impact on the 
macrocell polarization angle of cathode (θc), but had a significant influence on the macrocell 
polarization angle of anode (θa). The higher anodic chloride content decreased the macrocell 
polarization angle of anode (θa). This means that when the cathodic chloride content kept constant, 
the increasing of anodic chloride contents could greatly decrease the macrocell polarization 
resistance of anode and increase the ability of anode to produce electrons in the macrocell corrosion 
state. 
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The effect of cathodic chloride contents on the macrocell polarization angles of cathode and 
anode was summarized in Fig.4.21-b. For the cases with 0%, 3% and 6% Cl- in cathode, the average 
values of θc were 89.77, 89.65 to 88.64 degrees, respectively, while the average values of θa were 
89.40, 89.56 to 89.55 degrees, respectively. The cathodic chloride contents decreased the macrocell 
polarization angle of cathode (θc) but had little impact on the macrocell polarization angle of anode 
(θa). This means that when the anodic chloride content kept constant, the increasing of cathodic 
chloride contents could greatly decrease the macrocell polarization resistance of cathode (the ability 
of cathode to consume the electrons was increased) but had little influence on the macrocell 
polarization resistance of anode (the ability of anode to produce the electrons was not changed). 
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Fig.4.22. Mechanism of macrocell corrosion. (a) effect of anodic chloride contents, (b) effect of 
cathodic chloride contents (ima-L< ima-H), (c) effect of cathodic chloride contents (ima-L > ima-H) , (d) 
effect of cathodic chloride contents (ima-L > ima-H). 
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4.3.5 Mechanism of macrocell corrosion affected by anodic and cathodic chloride contents  
Based on the above analysis, the mechanism for anodic chloride contents to affect the 
macrocell corrosion was illustrated in Fig.4.22-a. For the sake of explanation, case X (Cl-=0 in 
cathode and low Cl- in anode) and case Y (Cl-=0 in cathode and high Cl- in anode) were defined. 
Compared to the lower anodic chloride content (case X), the higher anodic chloride content (case Y) 
could enhance the kinetics of anodic reactions of anodic steel, and therefore decrease the corrosion 
potential (from Emi-a-X to Emi-a-Y) and increase the micro-cell corrosion density (from imi-a-X to imi-a-Y) 
of anodic steel in the micro-cell corrosion state, which led to the greater macrocell potential 
difference between cathodic and anodic steels. Since the higher anodic chloride content had little 
effect on the macrocell polarization slope of cathodic steel (θc-X=θc-Y) and decreased macrocell 
polarization slope of anodic steel (θa-X<θa-Y), the significant increase of macrocell current (from 
ima-X to ima-Y) was mainly attributed to the greater macrocell potential difference and the lower 
macrocell polarization resistance of anode.  
The mechanism for cathodic chloride contents to affect the macrocell corrosion was illustrated 
in Fig.4.22-b, Fig.4.22-c and Fig.4.22-d. For the sake of explanation, case L (low Cl- in cathode and 
higher Cl- in anode) and case H (high Cl- in cathode and higher Cl- in anode) were defined. In 
micro-cell corrosion state, compared to the low cathodic chloride content (case L), the high cathodic 
chloride content (case H) could enhance the kinetics of cathodic and anodic reactions of cathodic 
steel, and therefore decrease the corrosion potential (from Emi-c-L to Emi-c-H) and increase the 
micro-cell corrosion density (from imi-a-L to imi-a-H) of cathodic steel in the micro-cell corrosion state, 
which led to the smaller macrocell potential difference between cathodic and anodic steels. In the 
macrocell corrosion state, compared to the low cathodic chloride content (case L), the high cathodic 
chloride content (case H) could greatly increase the cathodic reaction rate of cathodic steel and thus 
lead to the increase of macrocell polarization slope of cathode (θc-H < θc-L) and had little influence 
on the macrocell polarization slope of anode (θc-H = θc-L). In these conditions, both the macrocell 
potential difference and the macrocell polarization slope of cathode played a decisive role in 
controlling the magnitude of macrocell current density. The decrease of macrocell potential 
difference caused by the high cathodic chloride content (case H) did not necessarily mean a higher 
macrocell current density (ima-H > ima-L, as shown in Fig.4.22-b), might also mean a lower macrocell 
current density (ima-H < ima-L, as shown in Fig.4.22-c and Fig.4.22-d), depending on the magnitude of 
macrocell potential difference and the magnitude of macrocell slope of cathode.  
 
4.3.6 Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation 
In the real reinforced concrete structures, macrocell current density (icorr-ma) flowing between 
the actively corroding steel and the steel which had a lower corrosion rate usually can not be 
measured directly duo to the continuity and integrity of steel, and the corrosion current density 
calculated by the Stern-Geary equation (icorr-SG) was widely used as the parameter to quantitatively 
evaluate the corrosion rate of steel. Strictly speaking, this corrosion current density was not the real 
dissolution rate of steel, because it did not contain the macrocell current density (icorr-ma) flowing 
from the measured area to other un-measured area. Therefore, in order to better evaluate the 
corrosion rate of steel, it was necessary to investigate the influence of anodic and cathodic chloride 
contents on the relationship between icorr-SG and icorr-ma, and based on this relationship to speculate 
the possible magnitude of macrocell current density. 
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       (a)                                (b) 
Fig.4.23. Effect of anodic chloride contents on the relationship between macrocell current density 
and micro-cell corrosion current density. (a) In the disconnected periods, (b) in the connected 
periods. 
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Fig.4.24. Effect of cathodic chloride contents on the relationship between macrocell current density 
and micro-cell corrosion current density. (a) in the disconnected periods, (b) in the connected 
periods. 
 
For the cases with 1.5%, 3% and 6% Cl- in anode, the values of icorr-ma in each cycle were 
plotted against the values of icorr-SG measured at the same cycle for the periods that the steel of 
A-side was disconnected with the steel of B-side in Fig.4.23-a and for the periods that the steel of 
A-side was connected with the steel of B-side in Fig.4.23-b. Seen from these figures, the influence 
of the value of icorr-SG on the value of icorr-ma could be confirmed. The icorr-ma had an increase trend 
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with the increasing of icorr-SG. However, for the given icorr-SG, the value of icorr-ma varied in a very 
wide range. The reasons for this might be related to the potential difference (ΔEcorr 1) and the 
resistivity of mortar. From the experimental results, irrespective of the icorr-SG obtained in the 
disconnected periods and connected periods, the effect of anodic chloride contents on the 
relationship between icorr-SG and icorr-ma could be observed. Although the data for the cases with 1.5% 
Cl- in anode, overlapped, in some extend, with the data for the cases with 3% and 6% Cl - in anode, 
they were still be distinguished. Seen from the overlapping regions that icorr-SG ranged from 
10-2~10-1μA/cm2, the macrocell current density for cases with 1.5%, 3% and 6% Cl- in anode were 
in the range of 0.005~0.221, 0.019~0.556 and 0.047~0.637 μA/cm2, respectively. The macrocell 
current densities in the cases with 3% Cl- in anode were relatively lower than that in the cases with 
6% Cl- in anode and higher than that in the cases with 1.5% Cl- in anode. This indicated that for the 
given icorr-SG, the icorr-ma could be increased with the increasing of anodic chloride contents. For cases 
with 1.5%, 3% and 6% Cl- in anode, the magnitude icorr-ma of was about 1~3 times, 2~6 times and 
5~7 times higher than that of icorr-SG. The ratio of icorr-ma to icorr-SG increased with the increasing of 
anodic chloride contents. This indicated that higher anodic chloride contents could accelerate the 
macrocell corrosion of reinforcing steel.  
For the cases with 0%, 3% and 6% Cl- in cathode, the values of icorr-ma in each cycle were 
plotted against the values of icorr-SG measured at the same cycle for the periods that the steel of 
A-side was disconnected with the steel of B-side in Fig.4.24-a and for the periods that the steel of 
A-side was connected with the steel of B-side in Fig.4.24-b. Seen from these figures, the influence 
of the value of icorr-SG on the value of icorr-ma could also be confirmed. The icorr-ma also had an increase 
trend with the increasing of icorr-SG. However, for the given icorr-SG, the value of icorr-ma varied in a 
very wide range. The reasons for this might be related to the macrocell potential difference. Seen 
from the experimental results, irrespective of the icorr-SG obtained in the disconnected periods and 
connected periods, the effect of cathodic chloride contents on the relationship between icorr-SG and 
icorr-ma could be observed. Although the data for the cases with 0% Cl
- in cathode, overlapped, in 
some extend, with the data for the cases with 3% and 6% Cl- in cathode, they were still be 
distinguished. Seen from the overlapping regions that icorr-SG ranged from 0.001~0.5μA/cm2, the 
macrocell current density for cases with 0%, 3% and 6% Cl- in cathode were in the range of 
0.047~0.637, 0.091~0.495 and 0.006~0.823 μA/cm2, respectively. For cases with 0%, 3% and 6% 
Cl- in cathode, the value of icorr-ma was about 1~7 times, 1~5 times and 1~9 times higher than that of 
icorr-SG. The effect of cathodic chloride contents on the macrocell current density was complicated. 
The macrocell current density in cases with high cathodic chloride content might be larger or 
smaller than that in cases with low cathodic chloride content, depending on the magnitude of 
macrocell potential difference and the magnitude of macrocell slope of cathode and anode. 
 
Table 4-2 Effect of anodic and cathodic chloride contents on the functional relationship between 
icorr-ma and icorr-SG 
log(i-ma) =a*log(i-SG)+b 
i-SG,in disconnected periods i-SG,in connected periods 
a b R2 a b R2 
Cathode: 0%  Anode: 1.5% 0.0972 -1.1911 0.0188 0.1204 -1.1474 0.0279 
Cathode: 0%  Anode: 3% 0.1112 -0.7719 0.0205 0.1155 -0.7621 0.0211 
Cathode: 0%  Anode: 6% 0.2383 -0.3548 0.1181 0.3846 -0.1574 0.215 
Cathode: 3%  Anode: 6% 0.2566 -0.3847 0.2543 0.4296 -0.1474 0.1797 
Cathode: 6%  Anode: 6% 0.1339 -0.8289 0.0163 0.4095 -0.4666 0.1514 
 
The relationships between icorr-ma and icorr-SG were fitted by non-linear function that was in the 
form of log(icorr-ma)=a* log(icorr-SG)+b, where a and b were the parameters varied with anodic and 
chloride contents. The results were given in Table 4-2. It could be found that the relationships were 
not accurate and had poor precision. These relationships only provided a theoretical reference for 
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predicting the possible magnitude of icorr-ma from the value of icorr-SG. It should be noted that the 
relationships obtained in this part were only suitable for the conditions that the cathode areas were 
equal to the anode areas. If the area ratio of cathode to anode was higher or lower than 1, some 
changes on the fitted parameters (a and b) would happen. Further more, other factors influencing 
the value of icorr-ma or icorr-SG might also have an influence on these relationships, which should be 
confirmed in the futher work. 
 
4.4 Conclusions 
In this chapter, the macrocell polarization behaviors of cathodic and anodic steels had been 
confirmed. Duo to the electrochemical driving force in terms of potential difference, the cathodic 
steel could be polarized to a lower potential and the anodic steel was polarized to a higher potential, 
which resulted in the formation of macrocell current. 
When the cathodic chloride content was constant, the increasing of anodic chloride contents 
could lead to the increase the macrocell current by increasing the macrocell potential difference and 
decreasing the micro-cell and macrocell polarization resistance of anode.  
The higher anodic chloride contents could lead to the increase of macrocell polarization ratio 
of cathode, and the decrease of macrocell polarization ratio of anode and the decrease of macrocell 
polarization ratio of mortar, which made the macrocell corrosion more controlled by cathode and 
therefore could lead to the acceleration of macrocell corrosion in the real reinforcing concrete 
structures due to the existence of large cathode and small anode. 
The effect of cathodic chloride contents on the macrocell corrosion was more complicated than 
the effect of anodic chloride contents on the macrocell corrosion. The macrocell current density in 
the cases with high cathodic chloride content might be larger or smaller than that in cases with low 
cathodic chloride content, depending on the magnitude of macrocell potential difference and the 
magnitude of macrocell polarization resistance of cathode and anode.  
The higher cathodic chloride contents could increase the carthodic reaction rate of cathode and 
lead to the significant increase of macrocell polarization ratio of anode and the obvious decrease of 
macrocell polarization ratio of cathode, which made the controlling mode of macrocell corrosion 
changed from cathodic control to mixed control or anodic control, and therefore could weaken the 
harmful effect of macrocell corrosion in the real reinforcing concrete structures. 
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Chapter 5  
Effect of Nitrite ions  
On the Macrocell Corrosion and Polarization Behavior  
Of Reinforcing Steel 
 
 
 
 
5.1 Introduction 
    The role of free nitrite is its oxidizing action upon Fe2+ which promotes the formation of 
maghemite γFe2O3 and forms an insoluble stable complex passive layer. The passive layer might 
actually possess a stratified structure, shifting from a Fe(II)- rich, amorphous inner layer to a 
Fe(III)-rich, more crystalline outer layer [1]. The properties and composition of the passive film are 
not improved by the presence of nitrite ions [2] [3]. The main effect of nitrite ions is to accelerate 
the oxidation green rusts into FeOOH phases [4] and cause the formation of a less porous and more 
compact oxide. While nitrite is absence, the surface of oxide layer possesses more structural defects 
and higher surface roughness [5]. 
As one of the methods to prevent the corrosion of reinforcing steel, nitrite-based corrosion 
inhibitors, irrespective of being directly added into concrete during the mixing process or 
penetrating into concrete by the surface-applied remedial treatment, have been widely investigated 
in chloride contaminated concrete, carbonated concrete and cracked concrete, and their inhibiting 
efficiencies also have been checked in simulated concrete pore environment, such as in highly 
alkaline environment, carbonated environment and neutral and acid environment. In chloride 
contaminated concrete, many works have shown that nitrite ions are very effective in shifting the 
corrosion potential towards electropositive direction [6], reducing the corrosion rate of steel, 
delaying the initiation time of corrosion and raising the chloride threshold level [7]. The inhibiting 
efficiency of nitrite ions in concrete strongly depends on the cement contents [7], cement types 
[6][8] and the air void content at the steel-concrete interface [7]. In carbonated concrete, high CO3
2- 
concentration favors the development of a passive film that becomes more compact when nitrite 
ions are added [11]. According to the study of Alonso and Andrade [9], nitrite ions have a beneficial 
effect in reducing the corrosion rate of moderately pre-corroding steel in carbonated concrete 
without chloride. However, in the case of carbonated concrete with even low levels of chloride, it 
was found that nitrite was ineffective and was not enough to reduce the corrosion rate and the steel 
corroded at a rate similar to that when no nitrite was present in the concrete. Similar results could be 
confirmed by the study of Ngala et al [10]. In cracked concrete, Montes et al [12] and Kondratova et 
al [13] found that nitrite alone, in general, had no effect in decreasing corrosion, and the crack 
condition of the specimens strongly affected the corrosion process. In simulated concrete pore 
solution, nitrite was found to be effective in inhibiting pit initiation [16] and pit propagation [15]. 
Chloride threshold level was not only increased with the increasing of nitrite concentration but also 
affected by pH [17]. The inhibiting efficiency of nitrite decreased when the pH was reduced [18]. In 
neutral and acid solutions simulating the electrolytic environments of micropores of concrete in the 
propagation period, any addition of nitrite can not effectively reduce the corrosion level [19]. 
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Highly alkaline environment plays an important role in assisting nitrite to inhibit corrosion [17]. 
However, the study done by Mammoliti et al [15] in synthetic alkaline pore solution indicated that 
nitrite ions were unsuccessful in increasing the chloride threshold level of steel exposed to chloride 
and had a minimal effect on corrosion rate once corrosion was initiated.  
As mentioned above, although a lot of work has been done to investigate the effect of nitrite ions 
on the corrosion performance of reinforcing steel, the knowledge level is continuously extending. 
Up to now, no attention is given to the inhibiting effect of nitrite ions on the macrocell corrosion 
behavior of reinforcing steel. The results obtained in these literatures are mainly judged based on 
the half-cell potential, polarization curves and corrosion rate. Technically, the corrosion rate given 
in theses literatures is micro-cell corrosion rate [20][21][22][23] that is usually calculated by the use 
of Stern-Geary equation. In micro-cell corrosion, anodic parts and cathodic parts are microscopic in 
size and located adjacent to each other, so the corrosion of steel is uniform. Actually, in the field 
reinforced concrete structures, anodic parts is connected with cathodic parts in a far or near distance, 
which may be prone to the formation of macrocell corrosion. The formation of macrocell circuit can 
lead to the transfer of electrons from anode to cathode and the formation of macrocell current 
flowing from cathode to anode, and therefore result in the shift of cathodic potential toward the 
direction of negative value, which is called macrocell polarization of cathode, and the shift of 
anodic potential toward the direction of positive value, which is called macrocell polarization of 
anode. The macrocell polarization of anode can accelerate the corrosion rate of steel in anodic parts, 
which results in local severely corroded. Compared to micro-cell, the corrosion of steel in macrocell 
circuit is non-uniform and has greater risk. Since the corrosion behavior and mechanism of 
micro-cell are different from that of macrocell, so whether nitrite is effective in improving the 
macrocell current or has an effect on the macrocell polarization of cathode and anode, is very 
worthy of consideration and attracts the interests of the author and up to now, no literature gives the 
answer. What’s more, in these studies, the mechanism of nitrite ions to inhibit the corrosion of steel 
was mainly discussed by the use of micro-cell corrosion theory and was not explained from the 
viewpoint of macrocell corrosion theory. So the mechanism of macrocell corrosion affected by 
nitrite was not clear, and as far as known by the authors, no literature clarifies this. 
For all these reasons, the main objective of this part was to investigate and clarify the influence 
of nitrite ions on the macrocell corrosion behavior of reinforcing steel. In this part, firstly, the 
relationships between macrocell current density and macrocell potential difference of steels in 
mortars with various nitrite concentrations will be analyzed. Secondly, the influence of nitrite on the 
macrocell polarization ratio and macrocell polarization slopes (angles) of cathode and anode will be 
investigated, and then the mechanism of macrocell corrosion affected by nitrite will be explained. 
Finally, the effect of nitrite on the relationships between macrocell current density and micro-cell 
current density of steels will be presented. 
 
5.2 Experimental 
Plain round mild steel bars 19mm in diameter and 180mm in length were used in the 
experiment. The chemical composition of the steel was (wt %): 0.146C%, 0.223Si%, 0.521Mn%, 
0.019P%, 0.010S% and balance Fe. At one end of the steel bar, lead wire was fixed to the steel by 
screw and the connection area was sealed by polystyrene (PS) resin. In order to prevent any 
atmospheric corrosion and enhance the reliability and accuracy of measurement, the two bare ends 
with 40mm in length of the steel were firstly coated with PS resin and then were coated with epoxy 
resin. The exposed area of the steel was 59.7cm2. The surface of the exposed area was polished by 
sandpaper No.180 and cleaned with acetone just prior to being placed in the mold so as to ensure 
the accurate experiment results as much as possible. In addition to using the steel with initial 
polished surface, the steel with initial mill-scaled surface, water-rusted surface and seawater rusted 
surface were also be used to investigate the possible influence of steel initial surface condition on 
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the inhibiting efficiency of nitrite ions. These surface conditions were usually generated during the 
processes of steel production, transportation and fabrication, and therefore were very common for 
reinforced concrete structures just before the concrete was poured or cast. The pre-rusted surface, 
RW and RS, were obtained by spraying tap water and seawater on the surface of polished steels 
once every two weeks for 104 days in 20℃ constant temperature room, respectively. Finally, the 
surface of RW was covered by yellow-brown oxides with a density of 8.3mg/cm2 and the surface of 
RS was covered by black oxides with a density of 42.0mg/cm2. 
The corrosion behaviors of steel bars were investigated in cement mortar blocks with a 
dimension of 80×80×160mm as shown in Fig.5.1. Each mortar block contained a centrally located 
steel bar and four uniformly distributed small holes which were 6mm in diameter and 8mm in 
distance away from the central steel. For each small hole, polypropylene pipe with 6mm in outer 
diameter and 5.8mm in inner diameter was inserted in the hole and bended upward into 90-degree 
angle, so that nitrite solution could be easily filled into the holes. The injection of nitrite ions into 
the four small holes can simulate the process that nitrite ions penetrate into cement mortar and 
prevent or inhibit the corrosion of steel by surface-applied remedial treatment using nitrite-rich 
materials. The change of half-cell potential and micro-cell and macrocell corrosion current density 
resulted from the addition of nitrite solutions can give an intuitive understanding of corrosion 
mechanisms as well as experimental verification on the influence of half-cell potential and 
micro-cell corrosion current density on the macrocell corrosion and polarization.  
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Fig.5.1. Schematic illustration of specimens used in this study (Unit: mm) 
 
For each cement mortar specimen, the mix proportion of water/cement/sand was 0.7:1:5. 
Ordinary Portland cement that met the specification requirements of JIS R5210 and had a density of 
3.15g/cm3 was used. Sea sand that passed through JIS A 1102 sieve No.4 (4.75 mm-opening) and 
washed by tap water was selected as the fine aggregate. Its density and water absorption were 
2.58g/cm3 and 1.53%, respectively. The relatively high values of water/cement ratio and 
sand/cement ratio chosen in this experiment was mainly for the need to increase the permeability of 
cement mortar and consequently reduce the time that nitrite ions diffuse to the surface of steel. For 
some specimens, chloride ions (3 wt% of cement) were added into the cement mortar at the time of 
casting as NaCl dissolved in the mix water. Although the directly mixing chloride ions into the 
cement mortar made the steel didn’t have time to be passivated before encountering chlorides, and 
had a influence on the properties of mortar, the reasons for doing this in this study were, firstly, to 
accelerate the corrosion of steel and secondly to produce the same chloride content on the 
steel-concrete interface and so as to easily compare the influence of nitrite concentration on the 
macrocell behavior of steels. All the specimens were allowed to set and harden in mold for 1 day 
before being demolded and then cured for the next two weeks under water. After that, they were 
allowed to dry under laboratory environment for another two weeks, prior to the beginning of 
experiment measurements. 
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Table 5-1 Case design for the effect of anodic and cathodic nitrite contents 
Case Cathode Anode 
Cycles 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
N1 P70-0-27 P70-3-19 D D D D D D R R R S S S S S T T T T T T T T 
N2 P70-0-28 P70-3-20 D D D D D P P Q Q R R R R R S S S S S S S S 
N3 P70-6-8 P70-6-7 D D D D D D D D D D U U U U U U U U U U U U 
 
 
2 Weeks 2 Weeks
Cycle D
C A C A
2 Weeks 2 Weeks
Cycle R
C A C A
Holes of A  3.0M NO2
-
2 Weeks 2 Weeks
Cycle T
C A C A
Holes of A  8.0M NO2
-
2 Weeks 2 Weeks
Cycle S
C A C A
Holes of A  5.0M NO2
-
2 Weeks 2 Weeks
Cycle P
C A C A
Holes of A  0.25M NO2
-
2 Weeks 2 Weeks
Cycle Q
C A C A
Holes of A  1.0M NO2
-
2 Weeks 2 Weeks
Cycle U
C A C A
Holes of C  8.0M NO2
-
 
Fig.5.2. Cycle types in this study 
 
The experimental design was shown in Table 5-1. Each case in Table 5-1 was consisted of two 
specimens that were defined as A-side and B-side. Polished steels were used in both A-side and 
B-side in order to give the steels the same initial surface condition and reduce the impact of various 
steel surface conditions on the macrocell behaviors of the cathode and anode. The specimens in 
A-side and B-side had the same water-cement ratio but contained different chloride contents. The 
difference in chloride contents formed a greater potential difference between the steels in A-side 
and B-side and allowed for clear observation of the macrocell polarization behaviors of the cathode 
and anode. For case N1 and case N2, the chloride content in the specimens of A-side was 0 wt% of 
cement while the chloride content in the specimens of B-side was 3 wt% of cement which was 
much higher than the chloride threshold level for active corrosion. So the steel in A-side acted as 
cathode while the steel in B-side acted as anode. For case N3, the chloride content in the specimens 
of both A-side and B-side was 6 wt% of cement, which would be used to investigate the influence 
of non-uniform distribution of nitrite content on the macrocell corrosion and polarization behaviors 
of the cathode and anode. 
The experimental process was presented in Table 5-1 and the cycle types were shown in 
Fig.5.2. Firstly the specimens in A-side and B-side were firstly disconnected for two weeks and 
then were connected for another two weeks. These four weeks were defined as one cycle and 22 
cycles were carried out in this study. The disconnected periods and connected periods lasted two 
weeks respectively, which was mainly because in the disconnected period two weeks were an 
appropriate time for the recovery and stabilization of steel corrosion state and in the connected 
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period two weeks were considered as a suitable time for the stabilization of macrocell current and 
macrocell polarization. The advantages of using two separate specimens were that firstly during the 
disconnected period, the micro-cell behaviors of steel in both A-side and B-side did not interfere 
with each other and secondly during the connected period, the macrocell behaviors of steel in both 
A-side and B-side were easy to be observed and investigated. The specimens in both A-side and 
B-side were placed in the opposite direction of casting mortar, because the formation of voids in the 
bottom steel-concrete interface was prone to more than that in the top half steel-concrete interface 
as a result of segregation, settlement and bleeding of fresh cement mortar.  
Case N1 and Case N2 were used to investigate the influence of initial and final anodic nitrite 
contents on the macrocell corrosion behaviors of anode and cathode. Case N3 was used to 
investigate the influence of cathodic nitrite content on the macrocell corrosion behaviors of anode 
and cathode. For case N1, from 1st to 6th cycle (Cycle D), both specimens in A-side and B-side 
were exposed to the air, from 7th to 9th cycle (Cycle R), four small holes of specimen in B-side 
were filled with 3.0 mol/L NO2
- to increase the nitrite content at the surface of steel in B-side, from 
10th to 14th cycle (Cycle S), the nitrite concentration in the four small holes of specimen in B-side 
was increased to 5.0 mol/L, from 15th to 22nd cycle (Cycle T), the nitrite concentration in the four 
small holes of specimen in B-side was increased to 8.0 mol/L. For case N2, from 1st to 5th cycle 
(Cycle D), both specimens in A-side and B-side were exposed to the air, from 6th to 7th cycle 
(Cycle P), four small holes of specimen in B-side were filled with 0.25 mol/L NO2
- to increase the 
nitrite content at the surface of steel in B-side, from 8th to 9th cycle (Cycle Q), the nitrite 
concentration in the four small holes of specimen in B-side was increased to 1.0 mol/L, from 10th 
to 14th cycle (Cycle R), the nitrite concentration in the four small holes of specimen in B-side was 
increased to 3.0 mol/L, from 15th to 22nd cycle (Cycle S), the nitrite concentration in the four small 
holes of specimen in B-side was increased to 5.0 mol/L. For case N3, from 1st to 10th cycle (Cycle 
D), both specimens in A-side and B-side were exposed to the air, from 11th to 22nd cycle (Cycle U), 
four small holes of specimen in A-side were filled with 8.0 mol/L NO2
- to increase the nitrite 
content at the surface of steel in A-side.  
During the whole process of experiments, half-cell potential (Ecorr) referred to Ag/AgCl 
electrode, resistance of reinforcing steel (unit: Ω) and resistance of concrete (unit: Ω) were 
measured at set intervals by the use of CM-SE1 which was a device for corrosion detection and was 
developed by Nippon Steel Techno Research. Since the current imposed by the device was not 
uniformly distributed on the surface of steel and was greatly affected by the thickness of concrete 
cover and the diameter of reinforcing steel, the resistance of steel (unit: kΩ.cm2) and resistance of 
concrete (unit: kΩ.cm2) would be a function of concrete cover thickness and steel diameter. In this 
study, they were calculated by the auxiliary software of this device which fully considered the 
influence of concrete cover thickness and steel diameter. Before the measurement, water-saturated 
cotton was placed between the electrode of device and the surface of specimen to ensure the good 
current transmission. Generally, it was essential to wet the specimen surface and allow sufficient 
time for the moisture to penetrate the surface layers to stabilize the potential. ASTM C876 standard 
emphasizes that, if the measured value of half-cell potential changes or fluctuates with time, the 
surface of the concrete should be wetted for at least 5 minutes. Unfortunately, in order to make as 
many measurements as possible in as short a time as possible, this recommendation is often ignored. 
Yet even 5 minutes were found to be insufficient to achieve a stable potential. Experiment of 
Poursaee and Hansson [24], in which the half-cell potential of reinforcing steel embedded in a 
concrete beam was measured every 0.2s for 90 minutes from the time of the initial wetting, 
indicated that it took about 15 minutes for the potential to reach a stable value. This time would be 
dependent on a number of factors, particularly the saturation degree of the concrete. In the present 
experiment, the time taken from wetting the mortar surface to starting the measurement was 30 
minutes which was enough to ensure the stable of half-cell potential of steel. 
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       (a)  
Fig.5.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistance of mortars. (a) case N1, P70-0-27 in A-side and P70-3-19 in B-side. 
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Fig.5.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistance of mortars. (b) case N2, P70-0-28 in A-side and P70-3-20 in B-side. 
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   (c) 
Fig.5.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistance of mortars. (c) case N3, P70-6-8 in A-side and P70-6-7 in B-side. 
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For the purpose of this study and following the convention used in practice, micro-cell 
corrosion is the term given to the situation where active dissolution and the corresponding cathodic 
half-cell reaction take place at adjacent parts of the metal part. For the reinforcing steel embedded 
in chloride-contaminated concrete, this process always occurs in practice, for example, in 
specimens in the laboratory containing a single bar and in structures reinforced with a single rebar 
mat. As was shown in this paper, it was the dominant corrosion process in periods when the steel in 
A-side was disconnected with that in B-side. Macrocell corrosion can occur when the actively 
corroding steel is coupled to another steel which is passive or has a lower corrosion rate, either 
because of its different composition or environment. As was shown in this paper, it was the situation 
that the steel in A-side was connected with that in B-side. 
In order to distinguish the micro-cell corrosion current density and the macrocell corrosion 
current density and to better understand the relationship between them, the corrosion current density 
of steel in the disconnected periods was defined as the micro-cell corrosion current density of steel 
[20][21][22][23]. It was calculated by the use of Stern-Geary equation: icorr-mi = B/Rp, where Rp 
was the resistance of steel and B was a constant which varied with the expression that B = 
βaβc/(2.3(βa+βc)), where βa and βc were the anodic and cathodic Tafel slopes obtained from the 
anodic and cathodic polarization curves of steel, respectively. 
In the connected periods of each cycle, the macrocell current flowing between A-side and 
B-side was measured by zero resistance ammeters (ZRA). The macrocell corrosion current density 
of steel was calculated by the equation: icorr-ma = Ima/Aa, where Ima was the macrocell current (unit: 
μA) and Aa (unit: cm2) was the surface area of steel acted as anode specimen. The anode specimen 
was defined as the specimen that produced electrons and could be judged from the direction of 
current flow. The direct measurement of macrocell current had been used effectively by some 
researchers. It had the advantage that the current measured was that naturally flowing and did not 
result from the perturbation of the system. Its main disadvantage was that the current flowing within 
either of the two electrodes was not included and thus the measured macrocell current might be less 
than the true corrosion current. For some conditions, this effect could be significant, notably when 
the resistance of the concrete or mortar was too high to support the macrocell activity. For this 
reason, the specimens in A-side and B-side were partially immersed in water to enhance the 
electro-conductivity of mortar. 
 
5.3 Results and discussion 
5.3.1 Time evolution curves of Ecorr, icorr 
The time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density of steels and the resistance of mortars for the cases designed in Table 5-1 were shown in 
Fig.5.3.  
For Case N1 as shown in Fig.5.3-a, the steel in A-side was in passive state and acted as 
cathode while the steel in B-side was in active corrosion state and acted as anode. So in the 
disconnected state, it could be found that there was a great difference of half-cell potential, 
micro-cell current density and mortar resistance between specimens in A-side and specimens in 
B-side. The gradual increase of nitrite concentration at the surface of steel in B-side by filling the 
four small holes of mortar with NaNO2 solution was helpful to investigate the effect of nitrite ions 
on the micro-cell and macrocell corrosion behaviors of steel. From 1st to 6th cycle (Cycle D), both 
the small holes of specimens in A-side and B-side were not filled with any solutions. In the 
disconnected sate, the half-cell potential of cathode and anode were about -49 and -412 mV, 
respectively, while the micro-cell current density of cathode and anode were about 0.0023 and 
0.0632 μA/cm2, respectively. When the cathode was connected with anode, the macrocell circuit 
between cathode and anode was formed, the electrons on the surface of anode was transferred to the 
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surface of cathode, which led to the formation of macrocell current flowing from cathode to anode 
and resulted in the remarkable decrease of half-cell potential of cathode from -49 to -383 mV and 
the slight increase of half-cell potential of anode from -412 to -396 mV. The slight increase of 
half-cell potential of anode and the remarkable decrease of half-cell potential of cathode indicated 
that the anode was so active that the electrons produced by anode were much greater than the 
electrons consumed by cathode. The macrocell current flowing between cathode and anode was 
about 0.405μA/cm2 in the 1st cycle and gradually decreased to 0.200μA/cm2 with the increasing of 
mortar resistance from 20 kΩ·cm2 to 70 kΩ·cm2. From 7th to 9th cycle (Cycle R), four small holes 
of specimen in B-side (anode) were filled with 3 mol/L NO2
-, which could increase the nitrite 
concentration at the surface of steel in B-side (anode) by the diffusion and penetration of nitrite ions. 
It was well known that nitrite ions acted as anodic inhibitor which could weaken or inhibit the 
anodic reactions and therefore decrease the rate of anode to produce electrons. So the presence of 
nitrite ions on the surface of anode should lead to the increase of half-cell potential toward the 
positive direction and the decrease of micro-cell current density of anode. However, seen from the 
experimental results as shown in Fig.5.2-a, after filling 3 mol/L NO2
- into the four small holes of 
anode in the connected periods of 6th cycle, the half-cell potential of anode firstly decreased from 
-410 mV in the disconnected state of 6th cycle to -590 mV in the disconnected state of 7th cycle and 
then gradually increased to -440 mV in the disconnected state of 8th cycle and -400 mV in the 
disconnected state of 9th cycle. While the micro-cell current density of anode firstly increased from 
0.063μA/cm2 in the disconnected state of 6th cycle to 0.228μA/cm2 in the disconnected state of 7th 
cycle and then gradually decreased to 0.19μA/cm2 in the disconnected state of 8th cycle and 
0.18μA/cm2 in the disconnected state of 9th cycle. Corresponding to the change of half-cell 
potential and micro-cell current density of anode, some changes on the macrocell current density 
also could be observed. The macrocell current density of anode firstly increased from 0.2μA/cm2 in 
the connected state of 6th cycle to 0.35μA/cm2 in the connected state of 7th cycle and then 
gradually decreased to 0.06μA/cm2 in the connected state of 8th cycle and 0.03μA/cm2 in the 
connected state of 9th cycle. It should be noted that filling 3 mol/L NO2
- into the holes of anode in 
7th~9th cycle promoted the increase of macrocell potential difference of anode during disconnected 
and connected periods and the decrease of macrocell potential difference of cathode during 
disconnected and connected periods. From 10th to 14th cycle (Cycle S), the concentration of nitrite 
solution in the four small holes of specimen in B-side (anode) was increased to 5mol/L NO2
-, which 
accelerated the diffusion and penetration rate of nitrite duo to the greater concentration difference 
and therefore led to the further increase of half-cell potential of anode in the disconnected state and 
the decrease of micro-cell current density of anode in the disconnected state and the great decrease 
of macrocell current density in the connected state. The half-cell potential of anode was increased to 
-280 mV in the disconnected state of 14th cycle while the micro-cell current density and macrocell 
current density were decreased to 0.067 and 0.008μA/cm2, respectively. From 15th to 22nd cycle 
(Cycle T), the concentration of nitrite solution in the four small holes of specimen in B-side (anode) 
was further increased to 8mol/L NO2
-, which greatly accelerated the diffusion and penetration rate 
of nitrite. The half-cell potential of anode in the disconnected state was finally increased to -180 mV 
while the micro-cell current density and macrocell current density were finally decreased to 0.018 
and 0.0008μA/cm2, respectively. 
For Case N2 as shown in Fig.5.3-b, the steel in A-side was in passive state and acted as 
cathode while the steel in B-side was in active corrosion state and acted as anode. So in the 
disconnected state, it could be found that there was a great difference of half-cell potential and 
micro-cell current density between specimens in A-side and specimens in B-side. The gradual 
increase of nitrite concentration at the surface of steel in B-side by filling the four small holes of 
mortar with NaNO2 solution was helpful to investigate the effect of nitrite ions on the micro-cell 
and macrocell corrosion behaviors of steel. From 1st to 5th cycle (Cycle D), both the small holes of 
specimens in A-side and B-side were not filled with any solutions. In the disconnected sate, the 
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half-cell potential of cathode and anode were about -47 and -446 mV, respectively, while the 
micro-cell current density of cathode and anode were about 0.0022 and 0.078 μA/cm2, respectively. 
In the connected sate, the macrocell current flowing between cathode and anode was about 
0.54μA/cm2 in the 1st cycle and gradually decreased to 0.23μA/cm2 with the increasing of mortar 
resistance from 22 kΩ·cm2 to 74 kΩ·cm2. From 6th to 7th cycle (Cycle P), four small holes of 
specimen in B-side (anode) were filled with 0.25 mol/L NO2
-, which could increase the nitrite 
concentration at the surface of steel in B-side (anode) by the diffusion and penetration of nitrite ions. 
The half-cell potential of anode gradually decreased from -446 mV in the disconnected state of 5th 
cycle to -508 mV in the disconnected state of 6th cycle and -717 mV in the disconnected state of 7th 
cycle. While the micro-cell current density of anode gradually increased from 0.078μA/cm2 in the 
disconnected state of 5th cycle to 0.12μA/cm2 in the disconnected state of 6th cycle and 
0.31μA/cm2 in the disconnected state of 7th cycle. Corresponding to the change of half-cell 
potential and micro-cell current density of anode, some changes on the macrocell current density 
also could be observed. The macrocell current density of anode gradually increased from 
0.23μA/cm2 in the connected state of 5th cycle to 0.32μA/cm2 in the connected state of 6th cycle 
and 0.39μA/cm2 in the connected state of 7th cycle. It should be noted that filling 0.25 mol/L NO2- 
into the holes of anode in 6th~7th cycle also promoted the increase of macrocell potential difference 
of anode during disconnected and connected periods and the decrease of macrocell potential 
difference of cathode during disconnected and connected periods. From 8th to 9th cycle (Cycle Q), 
the concentration of nitrite solution in the four small holes of specimen in B-side (anode) was 
increased to 1mol/L NO2
-, which accelerated the diffusion and penetration rate of nitrite duo to the 
increase of concentration difference. The half-cell potential of anode gradually increased to -625 
mV in the disconnected state of 8th cycle and -562 mV in the disconnected state of 9th cycle. While 
the micro-cell current density of anode firstly increased to 0.50μA/cm2 in the disconnected state of 
8th cycle and then decreased to 0.35μA/cm2 in the disconnected state of 9th cycle. Corresponding to 
the change of half-cell potential and micro-cell current density of anode, some changes on the 
macrocell current density also could be observed. The macrocell current density of anode firstly 
increased to 0.45μA/cm2 in the beginning of the connected state of 8th cycle and then decreased to 
0.26μA/cm2 in the connected state of 9th cycle. From 10th to 14th cycle (Cycle R), the 
concentration of nitrite solution in the four small holes of specimen in B-side (anode) was increased 
to 3mol/L NO2
-, which further accelerated the diffusion and penetration rate of nitrite duo to the 
greater concentration difference and therefore led to the further increase of half-cell potential of 
anode in the disconnected state and the decrease of micro-cell current density of anode in the 
disconnected state and the great decrease of macrocell current density in the connected state. The 
half-cell potential of anode was increased to -362 mV in the disconnected state of 14th cycle while 
the micro-cell current density and macrocell current density were decreased to 0.058 and 
0.035μA/cm2, respectively. From 15th to 22nd cycle (Cycle S), the concentration of nitrite solution 
in the four small holes of specimen in B-side (anode) was further increased to 5mol/L NO2
-, which 
greatly accelerated the diffusion and penetration rate of nitrite. The half-cell potential of anode in 
the disconnected state was finally increased to -310 mV while the micro-cell current density and 
macrocell current density were finally reached to 0.082 and 0.0044μA/cm2, respectively. 
For Case N3 as shown in Fig.5.3-c, both the steel in A-side and the steel in B-side were in 
active corrosion state. Although the chloride content of specimen in A-side was same to that in 
B-side, it still could be observed that there was a remarkable difference of half-cell potential 
between the steel in A-side and the steel in B-side, which might be attributed to the heterogeneous 
properties of mortar and the non-uniform environmental exposed condition. From 1st to 10th cycle 
(Cycle D), both the small holes of specimens in A-side and B-side were not filled with any solutions. 
In the disconnected sate, the half-cell potential of steels in A-side and B-side were about -432 and 
-600 mV, respectively, while the micro-cell current density of steels in A-side and B-side were about 
0.0626 and 0.0472 μA/cm2, respectively. In the connected sate, the macrocell current was flowing 
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from the steel in A-side to the steel in B-side. So in Case N3, the steel in A-side acted as cathode 
and the steel in B-side acted as anode. The magnitude of macrocell current was about 0.348 μA/cm2 
in the 1st cycle and gradually decreased to 0.211 μA/cm2 with the increasing of mortar resistance 
from 23 kΩ·cm2 to 57 kΩ·cm2. From 11th to 22nd cycle (Cycle U), four small holes of specimen in 
A-side (cathode) were filled with 8 mol/L NO2
-, which could increase the nitrite concentration at the 
surface of steel in A-side (cathodic steel) by the diffusion and penetration of nitrite ions. The 
half-cell potential of cathode firstly decreased to -542 mV in the end of disconnected period of 11th 
cycle and then gradually increased toward the positive direction and reached to -193 mV in the 
disconnected state of 17th cycle. While the micro-cell current density of cathode was firstly 
increased to 0.64 μA/cm2 in the disconnected state of 12th cycle and then gradually decreased to 
0.122μA/cm2 in the disconnected state of 17th cycle. Correspondingly, the macrocell current was 
firstly increased to 0.401μA/cm2 in the connected state of 15th cycle and then decreased to 
0.067μA/cm2 in the connected state of 17th cycle. The decrease of macrocell current was mainly 
attributed to the increase of half-cell potential of anode from -600 mV to -400 mV, which made the 
condition of anode in the 16th ~17th cycle different from that in 1st ~10th cycle. 
    The initial and final concentration of nitrite solution filled into the holes of anode in Case N2 
were different from that of Case N1 and therefore led to the different results. The initial 
concentration of nitrite in Case N2 and Case N1 were 0.25 and 3mol/L. Filling initial 0.25 mol/L 
NO2
- in Case N2 resulted in the decrease of half-cell potential of anode from -446 to -717 mV and 
the increase of micro-cell current density of anode from 0.078 to 0.31 μA/cm2 and the increase of 
macrocell current density of anode from 0.23 to 0.39 μA/cm2, and the time taken for the corrosion 
rate of anode in Case N2 to reach the highest value was about 60 days. While filling initial 3mol/L 
NO2
- in Case N1 resulted in the decrease of half-cell potential of anode from -410 to -590 mV and 
the increase of micro-cell current density of anode from 0.063 to 0.228μA/cm2 and the increase of 
macrocell current density of anode from 0.20 to 0.35μA/cm2, and the time taken for the corrosion 
rate of anode in Case N1 to reach the highest value was about 4 days. Analyzed from these data, the 
following conclusions could be obtained. Firstly, in the early stage of nitrite diffusing to the surface 
of anode contaminated by chloride, the corrosion of anodic steel would be accelerated. Secondly the 
increase degree of corrosion rate was affected by the initial nitrite concentration. In other word, the 
lower nitrite concentration had a higher risk to accelerate the chloride-induced corrosion of anode in 
the early stage. It should be emphasized that the risk of nitrite to accelerate the chloride-induced 
corrosion of anode was only happened in the early stage of nitrite diffusing to the surface of anode, 
and the time taken for the corrosion rate of anode to reach the highest value was greatly depended 
on the initial concentration of nitrite. As the nitrite concentration at the surface of anode continued 
to increase, the ability of nitrite to inhibit corrosion was gradually enhanced, which could lead to the 
decrease of corrosion rate of anode. The decrease degree of corrosion rate of anode was mainly 
depended on the final concentration of nitrite. By filling the final 5 mol/L NO2
- in Case N2, the 
half-cell potential of anode was finally increased to -310 mV and the micro-cell current density of 
anode was finally reached to 0.082μA/cm2 and the macrocell current density of anode was finally 
decreased to 0.0044μA/cm2. By filling the final 8 mol/L NO2- in Case N1, the half-cell potential of 
anode was finally increased to -180 mV and the micro-cell current density of anode was finally 
reached to 0.018μA/cm2 and the macrocell current density of anode was finally decreased to 
0.0008μA/cm2. The corrosion rate of anode in Case N1 with the final 8 mol/L NO2- was much lower 
than that in Case N2 with the final 5 mol/L NO2
-, which indicated that the final nitrite concentration 
had a significant influence in decreasing the micro-cell and macrocell current density, the higher the 
final nitrite concentration was the lower the micro-cell and macrocell current density were expected.  
The decrease of half-cell potential and the increase of corrosion current density of anode after 
filling nitrite solution into the four small holes of anode might be attributed to the increase of 
moisture and chloride content at the surface of anodic steel. The reason for high moisture to 
decrease half-cell potential had been well analyzed in Chapter 8, so here the analysis was mainly 
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focused on the reason of the increase of chloride content. It was well documented in literatures that 
chloride ions could be present in mortar in the form of chemically bound chloride, physically 
adsorbed chloride on the pore walls and free chloride in the pore solution. Because the bound and 
adsorbed chloride were relatively immobile and might not be transported to the steel surface, so 
only the free chloride contributed to the corrosion process. The degree of chloride binding depended 
on many factors, such as the quantity of the tricalcium aluminate phase (C3A) in the cement, the pH 
value of pore solution, the cation of chloride salt, the quantity of nitrite ions and so on. Under the 
action of C3A, pH, cation and nitrite, the free chloride content in the pore solution would be 
increased or decreased. In this study, filling nitrite solution into the holes of mortar could greatly 
increase the free nitrite content of pore solution but had little influence on the quantity of C3A, the 
pH value of pore solution and the cation of chloride salt. Since the nitrite ions could also be bound 
by cement hydration products and was affected by the cement composition, pH, the chloride 
concentration and the cation of nitrite salt, so there was a clear competition for adsorption sites 
between nitrite and chloride, which suggested that the presence of nitrite ions in pore solution 
would lead to the transformation of bound chloride. The bound chlorides at the steel surface would 
be released to form the free chlorides and therefore resulted in the increase of free chloride 
concentration. The increase of free chloride concentration could accelerate the dissolution rate of 
anode and thus lead to the decrease of half-cell potential of anode and the increase of corrosion 
current density. So in the early stage of filling nitrite solution into the holes of mortar, the mole ratio 
of nitrite to chloride was very low and the rate of nitrite ions to inhibit corrosion was much lower 
than the rate of chloride ions to accelerate corrosion. However, duo to the gradual accumulation of 
nitrite in pore solution, the mole ratio of nitrite to chloride would gradually increase, which led to 
the increase of the rate of nitrite to passivate the steel and the decrease of the rate of chloride to 
dissolve the steel. So in the later stage of filling nitrite solution into the holes of mortar, with the 
increasing of mole ratio of nitrite to chloride, the corrosion of anode would be inhibited and led to 
the increase of half-cell potential of anode and the decrease of corrosion current density. 
 
5.3.2 Effect of nitrite concentrations on the relationships between ΔEcorr and macrocell 
current density 
The potential difference between anodic and cathodic was one of the important factors to affect 
the macrocell current. So in order to better understand the effect of nitrite concentration on the 
macrocell current, the relationship between macrocell potential difference and the macrocell current 
density would be investigated. As analyzed above, in this study, the steel in A-side acted as cathode 
while the steel in B-side acted as anode. The ΔEcorr 1 was defined as the potential difference 
between cathodic steel and anodic steel during the disconnected state, and ΔEcorr 4 was the 
potential difference between cathodic steel and anodic steel during the connected state. While 
ΔEcorr 2 was the potential difference of cathodic steel during the disconnected state and connected 
state, and ΔEcorr 3 was the potential difference of anodic steel during the disconnected state and 
connected state. For Case N1, Case N2 and Case N3, the influence of nitrite concentration on the 
relationships between ΔEcorr i (i=1,2,3) and the macrocell current density were presented in Fig.5.5, 
Fig.5.6 and Fig.5.7, respectively.  
For Case N1 as shown in Fig.5.5, when the holes of anode were filled with nothing, the ranges 
of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were 320~375mV, 282~357mV, 
14~35mV and 0.1627~0.4049 μA/cm2, respectively. After filling 3.0 mol/L nitrite into the holes of 
anode, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were changed to 
228~523mV, 152~274mV, 81~231mV and 0.0237~0.0981 μA/cm2, respectively. And after the 
nitrite concentration was increased to 5.0mol/L, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and 
macrocell current density were changed to 95~331mV, 65~224mV, 29~137mV and 0.0034~0.0872 
μA/cm2, respectively. And after the nitrite concentration was increased to 8.0mol/L, the ranges of 
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ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were decreased to 36~131mV, 7~92mV, 
3~36mV and 0.0004~0.0034 μA/cm2, respectively.  
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Fig.5.5. Effect of nitrite concentrations on the (a) relationships between ΔEcorr 1 and macrocell 
current density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships 
between ΔEcorr 3 and macrocell current density, for the Case N1: P70-0-27 in A-side and P70-3-19 
in B-side. 
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Fig.5.6. Effect of nitrite concentrations on the (a) relationships between ΔEcorr 1 and macrocell 
current density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships 
between ΔEcorr 3 and macrocell current density, for the Case N2: P70-0-28 in A-side and P70-3-20 
in B-side. 
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Fig.5.7. Effect of nitrite concentrations on the (a) relationships between ΔEcorr 1 and macrocell 
current density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships 
between ΔEcorr 3 and macrocell current density, for the Case N3: P70-6-8 in A-side and P70-6-7 in 
B-side. 
 
For Case N2 as shown in Fig.5.6, when the holes of anode were filled with nothing, the ranges 
of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were 366~407mV, 309~339mV, 
18~49mV and 0.2299~0.5356 μA/cm2, respectively. After filling 0.25 mol/L nitrite into the holes of 
anode, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were changed to 
444~652mV, 345~364mV, 59~249mV and 0.3~0.3568 μA/cm2, respectively. And after the nitrite 
concentration was increased to 1.0mol/L, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell 
current density were changed to 395~593mV, 312~351mV, 1~17mV and 0.2533~0.3498 μA/cm2, 
respectively. And after the nitrite concentration was increased to 3.0mol/L, the ranges of ΔEcorr 1, 
ΔEcorr 2, ΔEcorr 3 and macrocell current density were decreased to 126~435mV, 105~304mV, 
16~201mV and 0.0090~0.2939 μA/cm2, respectively. And after the nitrite concentration was 
increased to 5.0mol/L, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density 
were further decreased to 53~227mV, 39~209mV, 1~104mV and 0.0020~0.0512 μA/cm2, 
respectively.  
Seen from the results of Case N1 and Case N2, it could be confirmed that the presence of 
nitrite on the surface of anodic steel had a significant influence on the ΔEcorr i (i=1,2,3) and the 
macrocell current density. For chloride induced corrosion, low nitrite concentration (such as 0.25 
and 1.0 mol/L) could lead to the increase of ΔEcorr 1 and ΔEcorr 3 and the increase of macrocell 
current density, while high nitrite concentration (such as 5.0 and 8.0 mol/L) not only led to the 
significant decrease of the ΔEcorr i (i=1,2,3) but also resulted in the remarkable decrease of 
macrocell current density.  
For Case N3 as shown in Fig.5.7, when the holes of anode were filled with nothing, in the 8th 
~10th cycle, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell current density were 
145~155mV, 2~15mV, 141~153mV and 0.1835~0.2110 μA/cm2, respectively. After filling 8.0 
mol/L nitrite into the holes of cathode, the ranges of ΔEcorr 1, ΔEcorr 2, ΔEcorr 3 and macrocell 
current density were changed to 191~303mV, 71~146mV, 27~70mV and 0.0674~0.4009 μA/cm2, 
respectively.  
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Seen from the result of Case N3, it could be confirmed that the presence of nitrite on the 
surface of cathodic steel could lead to the increase of ΔEcorr 1 and ΔEcorr 2 and the decrease of 
ΔEcorr 3. The magnitude of macrocell current was depended on condition of anodic steel. If the 
corrosion state of anodic steel kept constant before and after the presence of nitrite on the surface of 
cathodic steel, the presence of nitrite on the surface of cathode would lead to the increase of 
macrocell potential difference between cathode and anode and therefore resulted in the increase of 
macrocell current flowing between cathode and anode.  
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5.3.3 Effect of nitrite concentrations on the macrocell polarization ratios  
In the macrocell corrosion state, it was very important to know the relative contributions from 
the resistance of mortar and the polarization of the steels, as described by ΔEcorr 1 = ΔEcorr 2 + 
ΔEcorr 3 + ΔEcorr 4, which had been graphically illustrated in the front chapter. In order to obtain 
the relative contributions of ΔEcorr i (i=2,3,4) on ΔEcorr 1 for the cases with various nitrite 
concentrations, the relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) were plotted in Fig.5.8, 
and were fitted by the linear function. The slopes of the lines were defined as the macrocell 
polarization ratio of cathodic steels, the macrocell polarization ratio of anodic steels and the 
macrocell polarization ratio of mortar resistance, respectively. The effect of nitrite concentrations on 
the macrocell polarization ratio of cathodic steel, anodic steel and mortar resistance for Case N1~ 
Case N3 were summarized in Fig.5.9.  
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Fig.5.9. Effect of nitrite concentrations on the macrocell polarization ratios of cathode, anode and 
mortar. (a) Case N1: P70-0-27 in cathode and P70-3-19 in anode, (b) Case N2: P70-0-28 in cathode 
and P70-3-20 in anode, (c) Case N3: P70-6-8 in cathode and P70-6-7 in anode. 
 
For Case N1 as shown in Fig.5.9-a, when the holes of anode were filled with nothing, the 
macrocell polarization ratios of cathode, anode and mortar were about 90.9%, 7.1% and 5.5% 
respectively. After filling 3.0mol/L nitrite into the holes of anode, the macrocell polarization ratio of 
cathode was decreased from 90.9% to 52.9% while the macrocell polarization ratios of anode was 
increased from 7.1% to 44.4% and the macrocell polarization ratios of mortar was changed from 
5.5% to 3.0%. And after the nitrite concentration was increased to 5.0mol/L, the macrocell 
polarization ratio of cathode was increased from 52.9% to 64.2% while the macrocell polarization 
ratios of anode was increased from 44.4% to 47.6% and the macrocell polarization ratios of mortar 
was changed from 3.0% to 12.1%. And after the nitrite concentration was further increased to 
8.0mol/L, the macrocell polarization ratio of cathode was increased from 64.2% to 73.3% while the 
macrocell polarization ratios of anode was decreased from 47.6% to 22.3% and the macrocell 
polarization ratios of mortar was changed from 12.1% to 7.5%. Seen from the results of this case, it 
could be deduced that the presence of nitrite could lead to the increase of macrocell polarization 
ratio of anode and the decrease of macrocell polarization ratio of cathode. However, with the further 
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increasing of nitrite concentration, the macrocell polarization ratio of cathode presented an 
increasing trend while the macrocell polarization ratio of anode firstly increased and then decreased.  
For Case N2 as shown in Fig.5.9-b, when the holes of anode were filled with nothing, the 
macrocell polarization ratios of cathode, anode and mortar were about 82.6%, 9.3% and 8.1% 
respectively. After filling 0.25mol/L nitrite into the holes of anode, the macrocell polarization ratio 
of cathode was decreased from 82.6% to 63.2% while the macrocell polarization ratios of anode 
was increased from 9.3% to 30.1% and the macrocell polarization ratios of mortar was changed 
from 8.1% to 6.8%. And after the nitrite concentration was increased to 1.0mol/L, the macrocell 
polarization ratio of cathode was changed from 63.2% to 64.8% while the macrocell polarization 
ratios of anode was increased from 30.1% to 34.0% and the macrocell polarization ratios of mortar 
was changed from 6.8% to 1.6%. And after the nitrite concentration was increased to 3.0mol/L, the 
macrocell polarization ratio of cathode was changed from 64.8% to 64.4% while the macrocell 
polarization ratios of anode was changed from 34.0% to 33.5% and the macrocell polarization ratios 
of mortar was changed from 1.6% to 3.1%. And after the nitrite concentration was finally increased 
to 5.0mol/L, the macrocell polarization ratio of cathode was changed from 64.4% to 69.6% while 
the macrocell polarization ratios of anode was changed from 33.5% to 24.5% and the macrocell 
polarization ratios of mortar was changed from 3.1% to 7.0%. Seen from the results of Case N2, it 
also could be deduced that the presence of nitrite on the surface of anodic steel could lead to the 
increase of macrocell polarization ratio of anode and the decrease of macrocell polarization ratio of 
cathode. And with the further increasing of nitrite concentration, the macrocell polarization ratio of 
cathode presented an increasing trend while the macrocell polarization ratio of anode firstly 
increased and then decreased. 
From the results of Case N1 and Case N2, It was found that anodic nitrite ions had a 
significant influence on the macrocell polarization ratios of cathode and anode. With the absence of 
nitrite ions, the macrocell polarization ratio of cathode was much higher than 0.8, and the macrocell 
polarization ratio of anode was lower than 0.1. The presence of nitrite ions on the surface of anodic 
steel could effectively weaken the kinetics of anodic reactions and therefore result in the decrease of 
macrocell polarization ratio of cathode and the increase of macrocell polarization ratio of anode.  
For Case N3 as shown in Fig.5.9-c, when the holes of both cathode and anode were filled with 
nothing, the macrocell polarization ratios of cathode, anode and mortar were about 8.6%, 94.4% 
and 2.6% respectively. After filling 8.0mol/L nitrite into the holes around cathode, the macrocell 
polarization ratio of cathode was increased from 8.6% to 61.8% while the macrocell polarization 
ratio of anode was decreased from 94.4% to 24.6% and the macrocell polarization ratios of mortar 
was changed from 2.6% to 13.6%. Seen from these results, it could be deduced that the presence of 
nitrite on the surface of cathodic steel could lead to the increase of macrocell polarization ratio of 
cathode and the decrease of macrocell polarization ratio of anode, which means the control mode of 
macrocell corrosion was changed from anodic control to cathodic control.  
 
5.3.4 Effect of nitrite concentration on the macrocell polarization slopes of cathode and anode 
The macrocell polarization slope of cathode (anode) had been defined in the macrocell 
corrosion model proposed by Maruya et al [25] as shown in Fig.510. The macrocell polarization 
slope and angle of cathode was marked as βma-c and θc, while the macrocell polarization slope and 
angle of anode was marked as βma-a and θa. The βma-c or βma-a could be calculated by the two points 
that represented the corrosion state of cathodic or anodic steel in micro-cell corrosion state ((imi-c, 
Emi-c) or (imi-a, Emi-a)) and macrocell corrosion state ((ima, Ema-c) or (ima, Ema-a)). The value of the 
point that represented the corrosion state of cathodic (anodic) steel in micro-cell corrosion state was 
obtained by averaging the half-cell potential and the micro-cell current density obtained in the 
disconnected periods, while the value of another point that represented the corrosion state of 
cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the half-cell potential 
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and the macrocell current density obtained in the connected periods.  
The macrocell polarization slopes of cathode (βma-c) and anode (βma-a) could reflect the 
polarization ability of cathode and anode in the macrocell corrosion state. The higher the βma-c was, 
the stronger the ability of cathode to consume the electrons, which means the lower was macrocell 
polarization resistance of cathode. The lower the βma-a was, the stronger the ability of anode to 
produce the electrons, which means the lower was macrocell polarization resistance of anode. 
 
▲
△
○
●
Emi,c
Ema,c
Ema,a
Emi,a
imi,c imi,a ima
(imi,c, Emi,c)
(imi,a, Emi,a)
(ima, Ema,a)
(ima, Ema,c)
Cathode
Anode
βma,c
1
βma,a
1
Higher
Lower
Higher
θc
θa
 
Fig.5.10 Definition of macrocell polarization slope of cathode and anode [25] 
 
For Case N1, in which the nitrite concentration was gradually increased by filling 3.0, 5.0 and 
8.0mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the effect 
of nitrite concentrations on the macrocell polarization slopes of cathode and anode was summarized 
in Fig.5.11-a. The average values and the standard deviation of macrocell polarization slopes (βma-c 
and βma-a) were statistically analyzed based on the data obtained in the cycles with various nitrite 
contents. The macrocell polarization slope of cathodic steels (βma-c) were about -152, -215, -369 and 
38 mV/dec, respectively, the macrocell polarization slope of anodic steels (βma-a) were about 48, 
-401, -102 and -2 mV/dec, respectively. With the increasing of nitrite content on the surface of 
anodic steel, the βma-a was changed in a counterclockwise direction while the βma-c was changed in a 
clockwise direction, which means that the βma-a was increased and the βma-c was decreased.  
For Case N2, in which the nitrite concentration was gradually increased by filling 0.25, 1.0, 3.0 
and 5.0mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the 
effect of nitrite concentrations on the macrocell polarization slopes of cathode and anode was 
summarized in Fig.5.11-b. The average values and the standard deviation of macrocell polarization 
slopes (βma-c and βma-a) were statistically analyzed based on the data obtained in the cycles with 
various nitrite contents. The macrocell polarization slope of cathodic steels (βma-c) were about -151, 
-170, -206, -171 and -273 mV/dec, respectively, the macrocell polarization slope of anodic steels 
(βma-a) were about 48, 1658, -1872, -277 and -47 mV/dec, respectively. With the increasing of nitrite 
concentration on the surface of anodic steel, the βma-a was changed in a counterclockwise direction 
while the βma-c was changed in a clockwise direction. 
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    (a)                    (b)                    (c) 
Fig.5.11. Effect of nitrite concentrations on the macrocell polarization slopes of cathode and anode. 
(a) Case N1: P70-0-27 in A-side and P70-3-19 in B-side, (b) Case N2: P70-0-28 in A-side and 
P70-3-20 in B-side, (c) Case N3: P70-6-8 in A-side and P70-6-7 in B-side. 
 
So based on the results of Case N1 and Case N2, it could be found that the only thing that all 
these cases had in common was that with the increasing of nitrite concentration on the surface of 
anodic steel, the βma-a had a trend to be changed in a counterclockwise direction while the βma-c had 
a trend to be changed in a clockwise direction. In other words, the βma-c was decreased and the βma-a 
was increased. As mentioned above, the decrease of βma-c means the increase of macrocell 
polarization resistance of cathode and the increase of βma-a means the increase of macrocell 
polarization resistance of anode. It should be noted that the cathode always had the same condition 
when nitrite concentration in anode were increased, so in theory, the βma-c should be constant and 
was not affected by the nitrite of anode. The decrease of βma-c means the increase of macrocell 
polarization resistance of cathode, which might be resulted from the increase of mortar resistance of 
cathode and was not caused by the presence of nitrite in anode. Filling nitrite solution into the holes 
of anode could lead to the decrease of mortar resistance of anode, so theoretically, the βma-a should 
be decreased. However, according to the experimental results, after filling nitrite solution into the 
holes of anode, the βma-a was increased rather than being decreased, this means the increase of βma-a 
was resulted from the presence of nitrite. So based on the above analysis, the following conclusions 
could be obtained. The presence of nitrite on the surface of anode could increase the macrocell 
polarization slope of anode. 
For Case N3, in which 8.0mol/L nitrite into the holes of mortar around cathodic steel with 
initial polished surface, the effect of nitrite concentrations on the macrocell polarization slopes of 
cathode and anode was summarized in Fig.5.11-c. The average values and the standard deviation of 
macrocell polarization slopes (βma-c and βma-a) were statistically analyzed based on the data obtained 
in the cycles with and without 8.0mol/L nitrite. The macrocell polarization slope of cathodic steels 
(βma-c) were about -39 and 175 mV/dec, respectively, the macrocell polarization slope of anodic 
steels (βma-a) were about 223 and 128 mV/dec, respectively. Based on these data, it could be found 
that with the increasing of nitrite concentration on the surface of cathodic steel, the βma-c was 
changed in a clockwise direction which means the macrocell polarization resistance of cathode was 
enhanced, while the βma-a was changed in a clockwise direction which means the macrocell 
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polarization resistance of anode was weakened.  
It should be emphasized that the anode always had the same condition when nitrite 
concentration in cathode were increased, so in theory, the βma-a should be constant and was not 
affected by the nitrite content of cathode. As mentioned above, the decrease of βma-a means the 
decrease of macrocell polarization resistance of anode, this might be attributed to the fact that the 
corrosion rate of anode in macrocell state was accelerated. The corrosion rate of anode in the 
macrocell state was increased from 0.033 μA/cm2 of 4th~12th cycle to 0.104 μA/cm2 of 15th~17th 
cycle. Due to the increase of corrosion rate of anode, a small polarization would lead to a higher 
polarization current, which would result in the decrease of the macrocell slope (βma-a) of anode. 
Filling nitrite solution into the holes of cathode could lead to the increase of nitrite content and 
moisture content on the surface of cathode. The increase of nitrite on the surface of cathode could 
inhibit the anodic reaction of cathode and therefore lead to the increase of corrosion resistance of 
cathode. The increase of moisture on the surface of cathode might have an influence on the 
transportation of oxygen and weaken the cathodic reaction of cathode and thus enhance the 
corrosion resistance of cathode.  
Seen from Fig.5.11, it could be found that the use of macrocell polarization slopes of cathode 
and anode (βma-c and βma-a) in this study might lead to the misunderstanding on the macrocell 
polarization resistance of cathode and anode. After the presence of nitrite, the βma-c might be 
changed from a negative value to a positive value while the βma-a might be changed from a positive 
value to a negative value, as shown in Fig.5.12. On the surface, the βma-c was increased and the βma-a 
was decreased. However, actually both the ability of cathode to consume electrons and the ability of 
anode to produce electrons in the macrocell circuit were weakened. So both the macrocell 
polarization resistance of cathode and the macrocell polarization resistance of anode in the 
macrocell corrosion state were enhanced. The enhancement of macrocell polarization resistances of 
cathode and anode could be confirmed from the macrocell polarization angles of cathode (θc) and 
anode (θc) as shown in Fig.5.10. So in order to better understand the effect of nitrite contents on the 
macrocell polarization slopes of cathode and anode, the macrocell polarization angles of cathode 
(θc) and anode (θa) were used instead of the βma-c and βma-a. Duo to the relationships that 
βma-c=-tan(θc) and βma-a=tan(θa), the macrocell polarization angle of cathode (θc) and anode (θa) 
could be obtained. Theoretically, the higher the θc was, the lower the ability of cathode to consume 
the electrons, which means the higher was macrocell polarization resistance of cathode. The higher 
the θa was, the lower the ability of anode to produce the electrons, which means the higher was 
macrocell polarization resistance of anode. 
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Fig.5.12. Change of macrocell polarization slopes of cathode and anode. 
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Fig.5.13. Effect of nitrite concentrations on the macrocell polarization angles of cathode and anode. 
(a) Case N1: P70-0-27 in A-side and P70-3-19 in B-side, (b) Case N2: P70-0-28 in A-side and 
P70-3-20 in B-side,, (c) Case N3: P70-6-8 in A-side and P70-6-7 in B-side. 
 
The effect of nitrite contents on the macrocell polarization angles of cathode (θc) and anode 
(θc) were described in Fig.5.13. The data presented in this figure were all same to that given in 
Fig.5.11, which were just expressed in a different way to better understand the influence of nitrite 
contents on the polarization resistance of cathode and anode in the macrocell state.  
For Case N1, in which the nitrite concentration was gradually increased by filling 3.0, 5.0 and 
8.0mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the effect 
of nitrite concentrations on the macrocell polarization angles of cathode and anode was summarized 
in Fig.5.13-a. The macrocell polarization angle of cathodic steels (θc) were about 89.62, 89.73, 
89.84 and 91.5 degrees, respectively, the macrocell polarization angle of anodic steels (θa) were 
about 88.8, 90.14, 90.57 and 112.13 degrees, respectively. Based on these data, it could be found 
that the presence of nitrite on the surface of anode not only had an influence on the θa, but also had 
an influence on the θc. With the increasing of nitrite concentration on the surface of anodic steel, 
both θc and θa were increased. 
For Case N2, in which the nitrite concentration was gradually increased by filling 0.25, 1.0, 3.0 
and 5.0mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the 
effect of nitrite concentrations on the macrocell polarization angles of cathode and anode was 
summarized in Fig.5.13-b. The macrocell polarization angle of cathodic steels (θc) were about 
89.62, 89.66, 89.72, 89.67 and 89.79 degrees, respectively, the macrocell polarization angle of 
anodic steels (θa) were about 88.82, 89.97, 90.03, 90.21 and 91.21 degrees, respectively. Based on 
these data, it also could be found that with the increasing of nitrite concentration on the surface of 
anodic steel, both θc and θa were increased. 
So based on the above results from Case N1 and Case N2, it could be found that the only thing 
that all these cases had in common was that with the increasing of nitrite concentration on the 
surface of anodic steel, both θc and θa were increased. As mentioned above, the increase of θc 
means the increase of macrocell polarization resistance of cathode and the increase of θa means the 
increase of macrocell polarization resistance of anode. It should be noted that the cathode always 
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had the same condition when nitrite concentration in anode were increased, so in theory, the θc 
should be constant and was not affected by the nitrite of anode. The increase of θc means the 
increase of macrocell polarization resistance of cathode, which might be resulted from the increase 
of mortar resistance of cathode and was not caused by the presence of nitrite in anode. Filling nitrite 
solution into the holes of anode could lead to the decrease of mortar resistance of anode, so 
theoretically, the θa should be decreased. However, according to the experimental results, after 
filling nitrite solution into the holes of anode, the θa was increased rather than being decreased, 
which means the increase of θa was resulted from the presence of nitrite. So based on the above 
analysis, the following conclusions could be obtained. The presence of nitrite on the surface of 
anode could increase the macrocell polarization angle of anode and had little influence on the 
macrocell polarization angle of cathode. 
For Case N3, in which 8.0mol/L nitrite was filled into the holes of mortar around cathodic steel, 
the effect of nitrite on the macrocell polarization angles of cathode and anode was summarized in 
Fig.5.13-c. The macrocell polarization angle of cathodic steels (θc) were about 88.52 and 90.33 
degrees, while the macrocell polarization angle of anodic steels (θa) were about 89.74 and 89.55 
degrees, respectively. Based on these data, it could be found that after the presence of nitrite on the 
surface of cathode, θc was increased and θa was decreased. As mentioned above, the decrease of θa 
means the decrease of macrocell polarization resistance of anode, which might be resulted from the 
acceleration of corrosion rate of anode in the macrocell state. With the increase of corrosion rate of 
anode, a small polarization would lead to a higher macrocell polarization current, which would 
result in the decrease of the macrocell polarization angle (θa) of anode. The increase of θc means 
the increase of macrocell polarization resistance of cathode, which might be attributed to the 
combination effect of nitrite and moisture. Filling nitrite solution into the holes of cathode could 
lead to the increase of nitrite content and moisture content on the surface of cathode. The increase 
of nitrite on the surface of cathode could inhibit the anodic reaction of cathode and therefore lead to 
the increase of corrosion resistance of cathode. The increase of moisture on the surface of cathode 
might have an influence on the transportation of oxygen and weaken the cathodic reaction of 
cathode and thus enhance the corrosion resistance of cathode. 
 
5.3.5 Mechanism of macrocell corrosion affected by nitrite ions 
    In the front parts, the effect of nitrite on the macrocell potential and current density, macrocell 
polarization ratios and slopes (angles) of cathode and anode had been investigated and analyzed. 
Based on these experimental results, the mechanism for nitrite to affect the macrocell corrosion was 
proposed and illustrated in Fig.5.14 For the sake of explanation, Case D (cathode without Cl- and 
NO2
-, anode with high Cl- and without NO2
-), Case T (cathode without Cl- and NO2
-, anode with 
high Cl- and high NO2
-) were defined. In Case D, the mortar around cathode did not contain any 
chloride and nitrite, while the mortar around anode contained high chloride content but did not 
contain any nitrite. In micro-cell corrosion state, half-cell potential and micro-cell current density of 
cathode were marked as Emi-c-D and imi-c-D, while half-cell potential and micro-cell current density of 
anode were marked as Emi-a-D and imi-a-D. In macrocell corrosion state, the macrocell polarization 
angles of cathode and anode were marked as θc-D and θa-D, respectively, and the macrocell current 
density was marked as ima-D. 
With the presence of nitrite in the mortar around anode (Case T), nitrite and chloride coexisted 
on the surface of anodic steel. Duo to the ability of nitrite to rehabilitate the passive film that 
destroyed by chloride, in micro-cell corrosion state, the half-cell potential of anode could be 
increased from Emi-a-D to Emi-a-T while the micro-cell current density of anode was decreased from 
imi-a-D to imi-a-T. In the macrocell corrosion state, the presence of nitrite had little affect on the 
macrocell polarization angle of cathode (θc-T was almost equal to θc-D), but resulted in the great 
increase of macrocell polarization angle of anode (θa-T was much higher than θa-D). So the 
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mechanism of nitrite to affect the macrocell corrosion was that firstly the presence of nitrite on the 
surface of anode could decrease the driving force of macrocell corrosion (macrocell potential 
difference between cathode and anode) and lead to the decrease of macrocell current, secondly the 
macrocell polarization resistance of anode was enhanced by nitrite, which also could lead to the 
decrease of macrocell current. Therefore, under the combined effect of the decrease of macrocell 
potential difference and the increase of macrocell polarization resistance of anode, the macrocell 
current density was decreased from ima-D to ima-T.  
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Fig.5.14. Mechanism of macrocell corrosion affected by nitrite. 
 
5.3.6 Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation 
In the real reinforced concrete structures, macrocell current density (icorr-ma) flowing between 
the actively corroding steel and the steel which had a lower corrosion rate usually can not be 
measured directly duo to the continuity and integrity of steel, and the corrosion current density 
calculated by the Stern-Geary equation (icorr-SG) was widely used as the parameter to quantitatively 
evaluate the corrosion rate of steel. Strictly speaking, this corrosion current density was not the real 
dissolution rate of steel, because it did not contain the macrocell current density (icorr-ma) flowing 
from the measured area to other un-measured area. Therefore, in order to better evaluate the 
corrosion rate of steel, it was necessary to investigate the influence of nitrite concentrations on the 
relationship between icorr-SG and icorr-ma, and based on this relationship to speculate the possible 
magnitude of macrocell current density.  
For Case N1 in which the nitrite concentration was gradually increased by filling 3.0, 5.0 and 
8.0mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the effect 
of nitrite concentration on the relationship between icorr-SG and icorr-ma was presented in Fig.5.15. The 
values of icorr-ma in each cycle were plotted against the values of icorr-SG measured at the same cycle 
for the periods that the steel of A-side was disconnected with the steel of B-side in Fig.5.15-a and 
for the periods that the steel of A-side was connected with the steel of B-side in Fig.5.15-b. Seen 
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from these figures, the influence of nitrite concentration on the relationship between icorr-ma and 
icorr-SG could be clearly observed. The presence of high nitrite concentration not only led to the 
decrease of icorr-SG but also resulted in the decrease of icorr-ma. For the conditions that 0, 3, 5 and 8 
mol/L nitrite were filled in the holes of anode, the ratio of icorr-ma to icorr-SG in the disconnected 
periods (Fig.5.15-a) were 2.1~6.5, 0.16~0.52, 0.05~0.33 and 0.008~0.052, respectively while the 
ratio of icorr-ma to icorr-SG in the connected periods (Fig.5.15-b) were 1.3~4.1, 0.11~0.58, 0.02~0.26 
and 0.003~0.029, respectively. The increase of nitrite content on the surface of anode led to the 
decrease of the ratio of icorr-ma to icorr-SG. This indicated that nitrite was more effective in inhibiting 
the icorr-ma than icorr-SG. 
Case N1Connected State
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
icorr-SG, μA/cm
2
ic
o
rr
-m
a,
 μ
A
/c
m
2
0 M NO2-
3 M NO2-
5 M NO2-
8 M NO2-
Case N1 Disconnected State
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
icorr-SG, μA/cm
2
ic
o
rr
-m
a,
 μ
A
/c
m
2
0 M NO2-
3 M NO2-
5 M NO2-
8 M NO2-
 
    (a)                              (b) 
Fig.5.15. Effect of nitrite concentrations on the relationship between macrocell current density and 
micro-cell corrosion current density. (a) in the disconnected periods, (b) in the connected periods for 
Case N1: P70-0-27 in A-side and P70-3-19 in B-side. 
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Fig.5.16. Effect of nitrite concentrations on the relationship between macrocell current density and 
micro-cell corrosion current density. (a) in the disconnected periods, (b) in the connected periods for 
Case N2: P70-0-28 in A-side and P70-3-20 in B-side. 
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For Case N2, in which the nitrite concentration was gradually increased by filling 0.25, 1, 3 
and 5mol/L nitrite into the holes of mortar around anodic steel with initial polished surface, the 
effect of nitrite concentration on the relationship between icorr-SG and icorr-ma was presented in 
Fig.5.16. The values of icorr-ma in each cycle were plotted against the values of icorr-SG measured at 
the same cycle for the periods that the steel of A-side was disconnected with the steel of B-side in 
Fig.5.16-a and for the periods that the steel of A-side was connected with the steel of B-side in 
Fig.5.16-b. Seen from these figures, the influence of nitrite concentration on the relationship 
between icorr-ma and icorr-SG also could be clearly observed. The presence of low nitrite concentration 
(0.25, 1mol/L) could lead to the increase of icorr-SG and icorr-ma, while the high nitrite concentration (3, 
5mol/L) could result in the slight decrease of icorr-SG and the significant decrease of icorr-ma. For the 
conditions that 0, 0.25, 1, 3 and 5mol/L nitrite were filled in the holes of anode, the ratio of icorr-ma to 
icorr-SG in the disconnected periods (Fig.5.16-a) were 2.9~10, 1.1~3.1, 0.76~1.27, 0.15~0.92 and 
0.037~0.150, respectively while the ratio of icorr-ma to icorr-SG in the connected periods (Fig.5.16-b) 
were 2.3~11.2, 1.7~2.4, 0.84~1.1, 0.05~0.76 and 0.026~0.090, respectively. The increase of nitrite 
content led to the decrease of the ratio of icorr-ma to icorr-SG. So it could be confirmed that nitrite was 
more effective in inhibiting the icorr-ma than icorr-SG. 
So based on the above analysis, it could be found that the only thing that all these cases had in 
common was that with the increasing of nitrite concentration on the surface of anodic steel, the ratio 
of icorr-ma to icorr-SG could be greatly reduced. This means that nitrite ions were more effective in 
inhibiting the macrocell corrosion than the micro-cell corrosion. The explanation on this could be 
given from two aspects: the increase of micro-cell corrosion resistance of anodic steel and the 
increase of macrocell polarization slope of anodic steel.  
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Fig.5.17 Corrosion state of cathode and anode in the micro-cell state. 
 
Fig.5.17 shows the micro-cell corrosion state of cathode and anode. A black line connected 
cathode and anode was presented. It could be found that, with the presence of nitrite on the surface 
of anodic steel, the corrosion states of anode with nitrite were all on the right side of this line. This 
confirmation would be helpful for the following analysis.  
In micro-cell corrosion state, as shown in Fig.5.18-a, nitrite could result in the increase of 
half-cell potential from Emi-a to Emi-a-N and the decrease of micro-cell corrosion current density from 
imi-a to imi-a-N. Because the micro-cell corrosion state of anode with nitrite was on the right side of 
the line that connected cathode and anode without nitrite, so in macrocell corrosion state, the 
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macrocell polarization potential of anode with nitrite (ΔEcorr3'') was lower than that of anode 
without nitrite (ΔEcorr3), which further resulted in the fact that the value of log(ima-N''/ imi-a-N) was 
lower than that of log(ima/ imi-a). Actually, in macrocell corrosion state, with the presence of nitrite 
on the surface of anode, the macrocell polarization slope of anode was increased from θa to θa-N, 
which lead to the further decrease of macrocell current density from ima-N'' to ima-N, as shown in 
Fig.5.18-b. Therefore, the value of log(ima-N/ imi-a-N) was not only lower than that of log(ima-N''/ 
imi-a-N), but also lower than that of log(ima/ imi-a). This means the presence of nitrite on the surface of 
anode could lead to the decrease of the ratio of macrocell current density to micro-cell current 
density. In other words, nitrite ions were more effective in inhibiting macrocell corrosion than the 
micro-cell corrosion. 
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(a) Increasing of micro-cell corrosion resistance  (b) Increasing of macrocell polarization slope 
 
Fig.5.18 Explanation on why nitrite was more effective in inhibiting the macrocell corrosion than 
the micro-cell corrosion 
 
5.4 Conclusions 
    When the cathode was in passive state and anode was in active corrosion state, the presence of 
adequate nitrite on the surface of anodic steel could effectively inhibit the anodic reaction of anode 
and decrease the macrocell current by increasing the corrosion resistance of anode and decreasing 
the electrochemical driving force in terms of macrocell potential difference between cathode and 
anode. The macrocell current could be decreased from 0.163~0.536 μA/cm2 to 0.0004~0.0512 
μA/cm2, which strongly depended on the nitrite concentrations.  
    The presence of nitrite on the surface of anode could decrease the macrocell polarization ratio 
of cathode and increase the macrocell polarization ratio of anode, which was prone to make the 
macrocell corrosion less controlled by cathode. The macrocell polarization ratio of cathode could be 
decreased from 83~91% to 53~73% and the macrocell polarization ratio of anode could be 
increased from 7~10% to 22~44%.  
    The increasing of nitrite concentration on the surface of anode could increase the macrocell 
polarization slope (angle) of anode, and thus enhance the macrocell polarization resistance of anode 
and inhibit the flowing of macrocell current. In this study, the macrocell polarization angle of anode 
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could be increased from 88.2 degree to 112.1 degree. 
    When cathode area was equal to anode area, the increasing of nitrite concentration on the 
surface of anode could result in the remarkable decrease of the ratio of macrocell current to 
micro-cell current. This means that nitrite ions were more effective in inhibiting the macrocell 
corrosion than the micro-cell corrosion. The ratio of macrocell current to micro-cell current could 
be decreased from 2.1~10 to 0.003~0.090.  
    When both cathode and anode were in active corrosion state, the presence of adequate nitrite 
only on the surface of cathodic steel could result in the increase of macrocell potential difference 
between cathode and anode and therefore lead to the increase of macrocell current. In this study, the 
macrocell current was increased from 0.211μA/cm2 to 0.401μA/cm2. 
The presence of nitrite only on the surface of cathode could increase the macrocell 
polarization ratio of cathode and decrease the macrocell polarization ratio of anode, which was 
prone to make controlling mode of macrocell corrosion changed from anodic control to mixed 
control or cathodic control. With the filling of 8.0mol/L nitrite into the holes around cathode, the 
macrocell polarization ratio of cathode was increased from 8.6% to 61.8% while the macrocell 
polarization ratio of anode was decreased from 94.4% to 24.6%. Due to the existence of large 
cathode and small anode in the real reinforcing concrete structures, the acceleration of macrocell 
corrosion resulted by the presence of nitrite only on the surface of cathode could be confirmed. 
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Chapter 6  
Effect of Steel Initial Surface Conditions 
On the Macrocell Corrosion and Polarization Behavior 
Of Reinforcing Steel 
 
 
 
 
6.1 Introduction 
With the increasing use of de-icing salts on the reinforced concrete bridges in winter and the 
increasing construction of reinforced concrete structures in coastal zones, performance degradation 
of reinforced concrete structures duo to chloride induced corrosion of reinforcing steel has become 
the main cause of infrastructure deterioration in many parts of the world. So studies focus on this 
topic is a matter of great practice importance. 
Many laboratory studies on the corrosion behavior and corrosion inhibition of reinforcing steel 
in concrete or mortar are carried out on the steel samples with polished surface in order to 
reproduce the same experimental conditions. In fact, the steel surface is usually covered with mill 
scale which is formed in the production process, and during the processes of transportation, 
fabrication, storage and construction, some regions of the mill scale surface may be broken and 
rusted duo to the rainwater or weathering for a short period in humid air or the prolonged exposure 
to the atmosphere. So in real construction process, before embedding in concrete, the steel surface 
condition may be different from one region to another. The difference of these surface conditions is 
mainly attributed to the various compositions of oxides which are generally known to have an 
influence on the electrochemical behaviors of steel in concrete. Therefore, investigation on the 
corrosion of reinforcing steel with various surface conditions is necessary and important. 
According to the available literatures, the corrosion behavior of reinforcing steel with various 
surface conditions has been studied in both simulated concrete pore solution and concrete. In 
simulated concrete pore solution, Li and Sagues [1] reported that removing the mill scale or rust 
from the surface by sandblasting was beneficial in elevating the chloride corrosion threshold level 
in alkaline solutions, although the corrosion rate of sandblasted steel after pitting initiation was 
higher than those of the as-received mill scale and pre-rusted steel bars. However, Bensabra and 
Azzouz’s results [2] indicated that the rusted surface of the steel bar had a negative effect on its 
corrosion behavior with or without the presence of chloride and this detrimental effect was 
explained by the fact that the rust provoked a decrease of the electrolyte resistance at the 
steel-concrete interface and reduced the repassivating ability. Another study by González et al. [3] 
in saturated Ca(OH)2 solution found that the strong tendency of pre-rusted steel to develop active 
corrosion resulted in a direct relation between the corrosion rate and the amount of rust initially 
present on the steel surface. The rust increased the corrosion both by providing a reducible material 
for the cathodic reaction and by acting as a porous electrode for the reduction of oxygen. 
Above results obtained from simulated concrete pore solution can only act as a reference and 
can not extrapolate to the real situation in concrete. Since concrete is an inhomogeneous materials, 
the actual corrosion behaviors of steel with different surface conditions in concrete is much more 
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complicated than that in simulated concrete pore solution. From the study of Mehmood et al. [4], 
the presence of rust on the surface of rebar had an inhibiting effect on the onset of chloride induced 
corrosion in concrete. Another study by AI-Tayyib et al. [5], pointed out that the initial rusting 
didn’t have an adverse effect on the corrosion resistance of rebars embedded in concrete. The 
corrosion rate of the specimens made with pre-rusted rebars were 0-17% less than those of the 
specimens made with rust free rebars. The improved performance of the pre-rusted rebar specimens 
was attributed to the physical barrier effect of the initial atmospheric rust layer which had been 
found very uniform and adherent to the steel substrate. On the contrary, results of González et al. [6] 
indicated that the corrosion rate of pre-rusted steel in mortar clearly exceeded that of polished steel. 
Mortar alkalinity by itself sufficed to rapidly passivate a clean steel surface but did not ensure the 
passivation of highly pre-rusted steel. Novak et al. [7] also reported that the pre-rusted steel in 
concrete, even without any chloride content, showed technically unacceptable average corrosion 
rate. Moreover, it had been reported by Avila-Mendoza et al. [8] that, in chloride contaminated 
mortar, steel either polished or covered with a high temperature oxide scale showed lower corrosion 
rate than steel covered with rust layer formed in humid atmosphere. 
Some efforts also have been addressed at the effect of the steel surface conditions on the 
critical chloride threshold levels of reinforcing steel embedded in concrete. Study of Pillai et al. [9] 
indicated that the mean chloride threshold levels increased with the complete removal of the 
as-received surface and with surface polishing for some reinforcement types (such as ASTM A 706, 
microcomposite steel, and stainless steel 304) and decreased with the complete removal of the 
as-received surface and with surface polishing for other reinforcement types (such as ASTM A 615 
and stainless steel 316LN). The increase or decrease in the mean chloride threshold level is likely 
related to the chemical composition, microstructure and discontinuities of mill scale [9] and may be 
also related to the physical nature of steel-concrete interface affected by steel surface conditions 
[10]. It is understood that the steel-concrete interface is not uniform in nature, varied from a dense 
impermeable region to the micro-voids and macro-voids region. The polished steel surface makes 
the interface denser, while the mill scale and red-rusted surfaces resulted in the increase of 
micro-voids or porous. Compared to the red-rusted surface, the higher chloride threshold level for 
black-rusted surface is explained duo to the stronger adherence of black-rust to steel which provides 
a stronger physical barrier between steel and cement hydrates [10]. 
Although a lot of work has been done in the last decades to investigate the corrosion 
performances of reinforcing steel with various surface conditions and the knowledge level is 
continuously extending, there is still no agreement among researchers that whether the steel surface 
conditions have a positive or negative effect on the corrosion behaviors of steel in reinforced 
concrete. What’s more, an important finding from the existing literatures is that almost all the 
results obtained in these literatures are judged based on the half-cell potential, polarization curves 
and corrosion rate. Technically, the corrosion rate given in theses literatures is micro-cell corrosion 
rate [11][12][13][14] that is usually calculated by the use of Stern-Geary equation. Actually, in the 
practice, one steel surface condition is connected with another in a far or near distance, which may 
be prone to the formation of macrocell corrosion, as a result of the different electrochemical 
behaviors of steel surface oxides. The presence of macrocell may, in theory, greatly influence the 
development of corrosion of steel embedded in reinforced concrete structures, its effect tends to be 
neglected by designers and researchers due to a lack of knowledge about this phenomenon. 
In order to contribute to this discussion, an experimental study was carried out to assess the 
effect of steel surface conditions on half-cell potential, micro-cell current density, macrocell current 
density, cathdoic/anodic polarization curves and macrocell polarization ratio of steels. And the 
relationship between macrocell potential difference and macrocell current density, the relationship 
between macrocell polarization and cathodic/anodic polarization curves, and the relationship 
between macrocell current density and micro-cell current density were investigated and analyzed. 
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6.2 Experimental 
Plain round mild steel bars 19mm in diameter and 180mm in length were used in the 
experiment. The chemical composition of the steel was (wt%): 0.146C%, 0.223Si%, 0.521Mn%, 
0.019P%, 0.010S% and balance Fe. At one end of the steel bar, lead wire was fixed to the steel by 
screw and the connection area was sealed by PS resin. In order to prevent any atmospheric 
corrosion and enhance the reliability and accuracy of measurement, the two bare ends with 40mm in 
length of the steel were firstly coated with PS resin which has better water resistance but worse 
flexibility and then were coated with epoxy resin that has better flexibility but worse water 
resistance. The exposed area of the steel was 59.7cm2. The surface of the exposed area was polished 
by sandpaper No.180 and cleaned with acetone just prior to being placed in the mold so as to ensure 
the accurate experiment results as much as possible. 
P
RW
RS
SC
 
Fig.6.1 Surface conditions of steels used in this study 
 
To determine the influence of steel surface condition on the micro-cell and macrocell corrosion 
behaviors of steel embedded in cementitious material, four typical steel surface conditions were 
artificially produced. They were mill-scaled or as-received surface (SC), polished surface (P), 
pre-rusted surface by tap water (RW) and pre-rusted surface by seawater (RS), as shown in Fig.6.1. 
These surface conditions were usually generated during the processes of steel production, 
transportation and fabrication, and therefore were very common for reinforced concrete structures 
just before the concrete was poured or cast. The pre-rusted surface, RW and RS, were obtained by 
spraying tap water and seawater on the surface of polished steels once every two weeks for 104 
days in 20℃ constant temperature room, respectively. Finally, the surface of RW was covered by 
yellow-brown oxides with a density of 8.3±1.4mg/cm2 and the surface of RS was covered by black 
oxides with a density of 42.0±1.5mg/cm2.  
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Fig.6.2 Schematic illustration of specimens used in this study (Unit: mm) 
The corrosion behaviors of steel bar were investigated in cement mortar blocks with a 
dimension of 80×80×160mm. Each mortar block as shown in Fig.6.2 contained a centrally located 
steel bar and four uniformly distributed small holes which were 6mm in diameter and 8mm in 
distance away from the central steel. For each small hole, polypropylene pipe with 6mm in outer 
diameter and 5.8mm in inner diameter was inserted in the hole and bended upward into 90-degree 
angle, so that solutions containing chloride ions or nitrite ions could be easily filled into the holes. 
The injection of chloride ions solution into the four small holes was to simulate the process that 
chloride ions permeate and diffuse into cement mortar, accumulate at the surface of steel and initiate 
the corrosion from outside aggressive environments. While the addition of nitrite ions into the four 
small holes can simulate the process that nitrite ions penetrate into cement mortar and prevent or 
inhibit the corrosion of steel by surface-applied remedial treatment using nitrite-rich materials. The 
change of half-cell potential and micro-cell and macrocell corrosion current density resulted from 
the addition of chloride or nitrite solutions can give an intuitive understanding of corrosion 
mechanisms as well as experimental verification on the influence of half-cell potential and 
micro-cell corrosion current density on the macrocell corrosion and polarization. However, in this 
paper, the small holes were empty and not filled by water, chloride or nitrite solutions. The 
influence of water, chloride or nitrite solutions on the corrosion behaviors of steel with various 
surface conditions will be presented in another part. 
For each cement mortar specimen, the mix proportion of water/cement/sand was 0.7:1:5. 
Ordinary Portland cement that met the specification requirements of JIS R5210 and had a density of 
3.15g/cm3 was used. Sea sand that passed through JIS A 1102 sieve No.4 (4.75 mm-opening) and 
washed by tap water was selected as the fine aggregate. Its density and water absorption were 
2.58g/cm3 and 1.53%, respectively. The relatively high values of water/cement ratio and 
sand/cement ratio chosen in this experiment was mainly for the need to increase the permeability of 
cement mortar and consequently reduce the time that nitrite ions diffuse to the surface of steel. For 
some specimens, chloride ions (3 wt% of cement) were added into the cement mortar at the time of 
casting as NaCl dissolved in the mix water. Although the directly mixing chloride ions into the 
cement mortar made the steel didn’t have time to passivate before encountering chlorides, and had a 
influence on the properties of mortar, the reasons for doing this in our study were, firstly, to 
accelerate the corrosion of steel and secondly to produce the same chloride content on the 
steel-concrete interface and thirdly to compare the corrosion behaviors of steel with various surface 
conditions in the aggressive environment with that in the protective environment. All the specimens 
were allowed to set and harden in mold for 1 day before being demolded and then cured for the next 
two weeks under water. After that, they were allowed to dry under laboratory environment for 
another two weeks, prior to the beginning of experiment measurements. 
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Table 3-1 Experimental design of this study 
Case No A-Side B-Side Case No A-Side B-Side 
Surface Condition of 
steel in B-Side 
1-1 P70-0-13 P70-0-14 1-2 P70-0-15 P70-0-16 
Polished 
2-1 P70-0-29 P70-3-21 2-2 P70-0-30 P70-3-22 
3-1 P70-0-31 SC70-0-1 3-2 P70-0-32 SC70-0-2 Scaled                 
(As-received) 
4-1 P70-0-37 SC70-3-1 4-2 P70-0-38 SC70-3-2 
5-1 P70-0-33 RW70-0-1 5-2 P70-0-34 RW70-0-2 
Water Rusted 
6-1 P70-0-39 RW70-3-1 6-2 P70-0-40 RW70-3-2 
7-1 P70-0-35 RS70-0-1 7-2 P70-0-36 RS70-0-2 
Seawater Rusted 
8-1 P70-0-41 RS70-3-1 8-2 P70-0-42 RS70-3-2 
Note: steel surface conditions-w/c ratio-chloride content-specimen number 
 
The experimental design was shown in Table 3-1. Each case in Table 3-1 was consisted of two 
specimens that were defined as A-side and B-side. For specimens in A-side, the steels with polished 
surface were used and the chloride content was 0 wt% of cement. While for specimens in B-side, 
the steel surface conditions were changed from polished, scaled, water-rusted to seawater-rusted 
and the chloride was added with 0 or 3 wt% of cement. The main reason for using steel with 
polished surface in A-side was that the polished surface could easily make all the steels in A-side 
had the same initial states, so as to easily provide the same corrosion state for all the steels in A-side 
and to accurately compare the macrocell current and macrocell polarization affected by different 
surface conditions of steels in B-side. 
2 Weeks 2 Weeks
1st Cycle
A B A B
……7th Cycle
2 Weeks 2 Weeks
2nd Cycle
A B A B
 
Fig.6.3 Experimental process of this study 
 
The experimental process was shown in Fig.6.3. Firstly the specimens in A-side and B-side 
were disconnected for two weeks and then they were connected for another two weeks. These four 
weeks were defined as one cycle and 7cycles were carried out in this study. The disconnected 
periods and connected periods lasted two weeks respectively, which was mainly because in the 
disconnected period two weeks were an appropriate time for the recovery and stabilization of steel 
corrosion state and in the connected period two weeks were considered as a suitable time for the 
stabilization of macrocell current and macrocell polarization. The advantages of using two separate 
specimens were that firstly during the disconnected period, the micro-cell behaviors of steel in both 
A-side and B-side did not interfere with each other and secondly during the connected period, the 
macrocell behaviors of steel in both A-side and B-side were easy to be observed and investigated. 
The specimens in both A-side and B-side were placed in the opposite direction of casting mortar, 
because the formation of voids in the bottom steel-concrete interface was prone to more than that in 
the top half steel-concrete interface as a result of segregation, settlement and bleeding of fresh 
cement mortar.  
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During the whole process of experiments, half-cell potential referred to Ag/AgCl electrode, 
resistance of reinforcing steel (unit: Ω) and resistance of concrete (unit: Ω) were measured at set 
intervals by the use of CM-SE1 which was a device for corrosion detection and was developed by 
Nippon Steel Techno Research. Since the current imposed by the device was not uniformly 
distributed on the surface of steel and was greatly affected by the thickness of concrete cover and 
the diameter of reinforcing steel, the resistivity of steel (unit: kΩ.cm2) and resistivity of concrete 
(unit: kΩ.cm2) would be a function of concrete cover thickness and steel diameter. In this study, 
they were calculated by the auxiliary software of this device which fully considered the influence of 
concrete cover thickness and steel diameter. Before the measurement, water-saturated cotton was 
placed between the electrode of device and the surface of specimen to ensure the good current 
transmission. Generally, it was essential to wet the specimen surface and allow sufficient time for 
the moisture to penetrate the surface layers to stabilize the potential. ASTM C876 standard 
emphasizes that, if the measured value of half-cell potential changes or fluctuates with time, the 
surface of the concrete should be wetted for at least 5 minutes. Unfortunately, in order to make as 
many measurements as possible in as short a time as possible, this recommendation is often ignored. 
Yet even 5 minutes were found to be insufficient to achieve a stable potential. Experiment of 
Poursaee and Hansson [15], in which the half-cell potential of reinforcing steel embedded in a 
concrete beam was measured every 0.2s for 90 minutes from the time of the initial wetting, 
indicated that it took about 15 minutes for the potential to reach a stable value. This time would be 
dependent on a number of factors, particularly the saturation degree of the concrete. In the present 
experiment, the time taken from wetting the mortar surface to starting the measurement was 30 
minutes which was enough to ensure the stable of half-cell potential of steel. 
In order to distinguish the micro-cell corrosion current density and the macrocell corrosion 
current density and to better understand the relationship between them, the corrosion current density 
of steel in the disconnected periods was defined as the micro-cell corrosion current density of steel 
[11][12][13][14]. It was calculated by the use of Stern-Geary equation: icorr-mi = B/Rp, where Rp 
was the resistivity of steel and B was a constant which varied with the expression that B = 
βaβc/(2.3(βa+βc)), where βa and βc were the anodic and cathodic Tafel slopes obtained from the 
anodic and cathodic polarization curves of steel, respectively. 
In the connected periods of each cycle, the macrocell current flowing between A-side and 
B-side was measured by zero resistance ammeter (ZRA). The macrocell corrosion current density of 
steel was calculated by the equation: icorr-ma = Ima/Aa, where Ima was the macrocell current (unit: 
μA) and Aa (unit: cm2) was the surface area of steel acted as anode specimen. The anode specimen 
was defined as the specimen that produced electrons and could be judged from the direction of 
current flow. The direct measurement of macrocell current had been used effectively by some 
researchers. It had the advantage that the current measured was that naturally flowing and did not 
result from the perturbation of the system. Its main disadvantage was that the current flowing within 
either of the two electrodes was not included and thus the measured macrocell current might be less 
than the true corrosion current. For some conditions, this effect could be significant, notably when 
the resistance of the concrete or mortar was too high to support the macrocell activity. For this 
reason, the specimens in A-side and B-side were partially immersed in water to enhance the 
electroconductivity of mortar. 
In the disconnected period of 5th cycle, anodic/cathodic polarization curves of reinforcing steel 
in both A-side and B-side for each case given in Table 3-1 were carried out by potentiostat. The 
reference electrode used here was Ag/AgCl Electrode and the counter electrode stainless steel. Prior 
to the polarization measurement, the Ecorr of steel had reached a constant value. The cathodic 
polarization was done firstly, which started from Ecorr toward the negative direction with the 
interval of -25mV (at the scan rate of 1mV/s). After the potential was set, 30 seconds were 
necessary to wait before writing down the current value. After finishing cathodic polarization curve, 
the specimen was put black to its original location. One day was necessary for the recovery of Ecorr. 
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And after that, the anodic polarization was started from Ecorr toward the positive direction with the 
interval of 25mV (at the speed of 1mV/s). After setting the potential, 30 seconds were necessary to 
wait before writing down the current value. Some changes might occur on the surface of steel after 
the cathodic polarization, but after the recovery of Ecorr, they were not enough to affect the further 
polarization of anodic [16]. Generally, a potential scans greater than ±(50 to 100) mV about Ecorr is 
required to reach the potential at which the anode Tafel or cathode Tafel behavior dominates and 
linear polarization is expected [17]. Tafel slope βa and βc in this study were calculated by using the 
data that obtained between Ecorr±75 and Ecorr±300. 
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Fig.6.4 Time evolution curves of half-cell potential, micro-cell current density and macrocell 
current density of steels for the cases with polished steels in B-side. (a) 0% Cl- was added in 
mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
6.3 Results and Discussion 
6.3.1 Time evolution curves of Ecorr and icorr 
The time evolution curves of Ecorr, micro-cell corrosion current density and macrocell 
corrosion current density of reinforcing steel with various surface conditions as designed in Table 
3-1 were shown in Fig.6.4, Fig.6.5, Fig.6.6 and Fig.6.7, respectively. As can be seen from these 
figures, with the absence of chloride ions in cement mortars, in the disconnected periods, there was 
no great difference between the half-cell potential of steel with polished surface in A-sides and the 
half-cell potential of steel with polished surface (Fig.6.4-a), scaled surface (Fig.6.5-a), water rusted 
surface (Fig.6.6-a) and seawater rusted surface (Fig.6.7-a) in B-sides. After the steel in A-side was 
Kyushu Institute of Technology 
118 
connected with the steel in B-side, a weak macrocell current flowing between A-side and B-side 
was detected and some small changes on the half-cell potential of steels in A-side and B-side were 
also observed. The formation of the weak macrocell current was mainly attributed to the imbalance 
of electrochemical potential of steels in A-side and B-side. The potential imbalance was usually 
generated duo to the non-uniform distribution of voids at the steel-mortar interface, the varying 
diffusion rates of oxygen, the different moisture content and the various steel surface conditions. 
The changes of the half-cell potential of steels in A-side and B-side were related to the 
redistribution of electrons on the surface of steel and the rebalance of electrochemical reactions. 
With the increasing of cycle numbers, the half-cell potential of steel in both A-side and B-side had a 
tendency to increase as a result of the further passivation of steel. 
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Fig.6.5 Time evolution curves of half-cell potential, micro-cell current density and macrocell 
current density of steels for the cases with scaled steels in B-side. (a) 0% Cl- was added in mortars 
of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
With the presence of chloride ions (3 wt% of cement) in the specimens of B-side, the 
dissolution of steel in B-side was promoted by chloride ions, which resulted in the decrease of 
half-cell potential of steel in B-side. So in the disconnected periods, there was a distinct difference 
between the half-cell potential of steel with polished surface in A-sides and the half-cell potential of 
steel with polished surface (Fig.6.4-b), scaled surface (Fig.6.5-b), water rusted surface (Fig.6.6-b) 
and seawater rusted surface (Fig.6.7-b) in B-sides. The micro-cell corrosion current density of steel 
in A-side and B-side can also be obviously distinguished in the disconnected periods. After the steel 
in A-side was connected with the steel in B-side, under the action of electric potential, the electrons 
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produced by the steel in B-side were transferred to and consumed by the steel in A-side. The 
transfer of electrons from B-side to A-side not only resulted in the formation of macrocell current 
but also led to the decrease of half-cell potential of steel in A-side and the increase of half-cell 
potential of steel in B-side. The instantaneous macrocell current was relatively large at the moment 
that the steel in A-side was connected with the steel in B-side and subsequently, it decreased quickly 
to a relatively small value in several seconds and continued to decrease slowly in the next few hours 
and finally reached a relative stable value within 24 hours. Corresponding to the change of 
macrocell current, the similar behaviors were also observed on the half-cell potential of steel in both 
A-side and B-side. Duo to the limitation of experimental device in our laboratory, the continuous 
measurement of half-cell potential and macrocell current was impossible, all the data presented in 
Fig.6.4~Fig.6.7 were measured artificially at set intervals and the data given in the connected 
periods were the stable value. The fluctuation of these values might be attributed to the 
environmental factors such as temperature, moisture content of mortar, and so on. 
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Fig.6.6 Time evolution curves of half-cell potential, micro-cell current density and macrocell 
current density of steels for the cases with water-rusted steels in B-side. (a) 0% Cl- was added in 
mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
The great change of half-cell potential caused by macrocell corrosion in the connected periods 
also attracted our attention to discuss the suitability of using ASTM C876 standard to judge the 
probability of corrosion of steel. According to the standard, when the reference electrode is 
Ag/AgCl electrode, if the potential of steel is more than -80 mV, the probability of steel corrosion is 
lower than 10% at the time of measurement. If the potential of steel is less than -230 mV, the 
probability of steel corrosion is higher than 90%. The corrosion probability of steel is uncertain 
when the half-cell potential is in the range of -80 to -230 mV. Seen from Fig.6.4-b, Fig.6.5-b, 
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Fig.6.6-b and Fig.6.7-b, in the disconnected periods, the half-cell potential of steel in A-side was 
about -100~-140 mV at 1st cycle and 9~-57 mV at 7th cycle, which indicated that the corrosion 
probability of steel improved gradually from the state of uncertain to the state of passivation with a 
possibility of 90%. However, in the connected periods, duo to the influence of macrocell current, 
the half-cell potential of steel in A-side decreased to a negative value that was less than -230 mV, 
which led to the change of judgment on the corrosion probability of steel in A-side. The corrosion 
probability of steel in A-side changed from the state of uncertain or passivation during the 
disconnected periods into the state of active corrosion with a possibility of 90% during the 
connected periods. The different state of steel corrosion probability in the disconnected and 
connected periods indicated that the macrocell current has a great influence on the qualitative 
judgment of steel corrosion. Therefore, when macrocell current was existence, the qualitative 
judgment of steel corrosion based on the ASTM C876 standard might be not suitable.  
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Fig.6.7 Time evolution curves of half-cell potential, micro-cell current density and macrocell 
current density of steels for the cases with seawater-rusted steels in B-side. (a) 0% Cl- was added in 
mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
Another interesting finding from Fig.6.4-b, Fig.6.5-b, Fig.6.6-b and Fig.6.7-b was that, in the 
connected periods, the half-cell potential of steel in A-side was very close to that of steel in B-side 
although small potential difference induced by mortar resistance was existence. The small half-cell 
potential difference between steel in A-side and steel in B-side means that, with the existence of 
macrocell current, the distinction of passive steel and active steel was difficult on the basis of 
measured potential values. In real reinforced structures, the steels usually contacted with each other, 
which was similar to the situation that the steel in A-side was connected with the steel in B-side. By 
the effect of macrocell current, some areas in a reinforced structure where the steels were in a 
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passive state could be assigned a high corrosion probability when they were corroding at an 
insignificant rate. So when the steel corrosion probability was judged by the use of ASTM C876 
standard, great attention should be given to the conclusion which might be erroneous and misled by 
the macrocell corrosion. 
As discussed above, the half-cell potential of reinforcing steel only gave the qualitative 
information and this qualitative information was prone to be misled by the macrocell corrosion. 
Corresponding to the qualitative information, the quantitative information was another important 
way to evaluate the corrosion state of steel. The influence of the macrocell corrosion on the 
qualitative information of steel corrosion had been confirmed, but the influence of the macrocell 
corrosion on the quantitative information of steel corrosion was still unknown. So whether the 
quantitative information of steel corrosion was misled or not by the macrocell corrosion, is another 
question that the author was interested in.  
In this study, the quantitative information of steel corrosion was related to the corrosion current 
density calculated by the use of Stern-Geary equation. As described in the experimental part, this 
corrosion current density was defined as the micro-cell corrosion current density of reinforcing steel, 
and its time evolution curve was also presented in Fig.6.4, Fig.6.5, Fig.6.6 and Fig.6.7. According 
to the standard for evaluating the corrosion state of reinforcing steel, the steel was in passive state 
when the corrosion current density of steel was less than 0.1μA/cm2, the corrosion extent of steel 
was low to moderate when the corrosion current density of steel was the range of 0.1~0.5μA/cm2, 
the corrosion extent of steel was moderate to high when the corrosion current density of steel was 
the range of 0.5~1.0μA/cm2, and the corrosion extent of steel was high when the corrosion current 
density of steel was more than 1.0μA/cm2. Seen from Fig.6.4-a, Fig.6.5-a, Fig.6.6-a and Fig.6.7-a, 
with the absence of chloride ions in cement mortars, no great difference between the micro-cell 
current density of steel in A-side and the micro-cell current density of steel in B-side could be 
observed, irrespective of whether they were connected or not. The micro-cell current density of 
steel in A-side and that in B-side were about two orders of magnitude lower than 0.1μA/cm2, while 
the macrocell current flowing between A-side and B-side was about one order of magnitude lower 
than the micro-cell current density. So the very small macrocell current flowing between steels had 
little influence on the corrosion state of steel. Seeing the results given in Fig.6.4-b, Fig.6.5-b, 
Fig.6.6-b and Fig.6.7-b, with the presence of chloride ions (3 wt% of cement) in the mortars of 
B-side, the micro-cell current density of steel in B-side increased to a value that was higher than 
0.1μA/cm2 and about two orders of magnitude higher than that of steel in A-side. So in the 
disconnected periods, the steel in B-side was in the active corrosion state, the steel in A-side was in 
the passive state, and the using of micro-cell current density to distinguish the passive and corrosion 
state was reliable. When the steel in A-side was connected with the steel in B-side, an increase of 
the micro-cell current density of steel in A-side and a decrease of the micro-cell current density of 
steel in B-side could be observed. The increment and decrement of the micro-cell current density 
were not significant. The micro-cell current density of steel in A-side was still lower than 
0.1μA/cm2 and the micro-cell current density of steel in B-side was still higher than 0.1μA/cm2. So 
in the connected periods, using the micro-cell current density of steel to distinguish the passive and 
corrosion state was possible. This also could be understood that when the passive state and active 
corrosion state coexisted on the surface of steel, the micro-cell current density of steel was more 
useful than half-cell potential for distinguishing the corrosion areas. It was worth noting that, this 
conclusion was obtained mainly based on the condition that the area ratio of steel in A-side (passive 
state) to steel in B-side (active corrosion state) was equal to 1. For the conditions that the area ratio 
of steel in A-side to steel in B-side was greater or smaller than 1, whether this conclusion was 
supported or not was a question that would be further investigated. The reasons for the increase of 
the micro-cell current density of steel in A-side and the decrease of the micro-cell current density of 
steel in B-side were mainly attributed to the redistribution of electrical signals at the time of 
measuring the resistivity of steel. Duo to the condition that steel in A-side (passive state) was 
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connected with that in B-side (active corrosion state), the electrical signals imposed on the steel in 
A-side could be partially distributed or transferred to the steel in B-side, which might lead to the 
increase of polarization current for unit overpotential and thus resulted in the decrease of 
polarization resistance of steel in A-side and consequently caused the increase of the micro-cell 
current density of steel in A-side. Similarly, the electrical signals imposed on the steel in B-side 
could be partially distributed or transferred to the steel in A-side, which led to the decrease of 
polarization current for unit overpotential and thus resulted in the increase of polarization resistance 
of steel in B-side and consequently caused the decrease of the micro-cell current density of steel in 
B-side. Besides this, the number of free electron produced and consumed by steels was likely to be 
responsible for the observed changes in micro-cell current density and was just probably a 
contributory factor. Therefore, attention should be given to the fact that, when the macrocell 
corrosion occurred, the micro-cell current density calculated by the use of Stern-Geary equation 
might be overestimated for the steel in passive state and underestimated for the steel in active 
corrosion state. 
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Fig.6.8 Effect of steel surface conditions on the half-cell potential of steels in B-side. (a) 0% Cl- was 
added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
6.3.2 Effect of steel surface conditions on the half-cell potential 
The influence of various surface conditions on the half-cell potential of steels embedded in 
cement mortars containing 0 or 3% chloride (wt% of cement) were presented in Fig.6.8. The 
half-cell potential shown in Fig.6.8 was calculated by averaging the potential values of two parallel 
specimens, where the potential value of each specimen was determined by averaging the data 
obtained in the disconnected periods. When considering the surface conditions, the effects of time 
should also be included. So in Fig.6.8, the half-cell potential of steels in the 1st, 3rd, 5th and 7th 
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cycles were given out for the purposes of a comparative analysis.  
With the absence of chloride, as illustrated in Fig.6.8-a, the half-cell potential value of steel 
with polished surface was about -115mV and was the most negative value in the 1st cycle, which 
was slightly lower than that of steel with seawater rusted surface. While the steel with scaled 
surface had the most positive half-cell potential value that was about -59mV and could be 
considered to represent the passive state of steel in mortar. The half-cell potential value of steel with 
water rusted surface was about -74mV in the 1st cycle, which was lower than that of steel with 
scaled surface and higher than that of steel with seawater rusted surface. So based on the values of 
half-cell potential, in the 1st cycle, the corrosion performances of steels with various surface 
conditions were judged with the following order: SC>RW>RS>P. However, this order would be 
changed with the evolution of time. It was well known that the cement hydration took several years 
to complete, the further hydration of cement and the change of moisture content of mortar would 
have an impact on the ionic concentration (OH-, Na+, K+, Ca+) of the pore solution, and 
consequently affected the evolution of the electrochemical properties of steels embedded in cement 
mortar. As could be found in Fig.6.8-a, irrespective of the surface conditions, the half-cell potential 
of the steel was gradually improved with the increasing of cycles. This implied that considerably 
longer time would be taken for the potential to attain a “true” stable value. During this time, duo to 
the different electrochemical properties of oxides on the surface of steel, the improvement of 
half-cell potential of steels with various surface conditions might be different, which was the reason 
for the change of the order of half-cell potential of steel with various surface conditions in the 3rd, 
5th and 7th cycles. The order of half-cell potential of steel with various surface conditions in the 3rd, 
5th and 7th cycles were SC>RS>RW>P, RS>SC>RW >P and RS>SC>P>RW, respectively. The 
negative potential value of the polished steel might be attributed to its bare metal surface that made 
the steel substrate directly exposed to the electrolyte environment. Unlike the scaled steel which had 
a continuous and denser oxides film on its surface, the polished steel had no pre-existing oxides so 
that a fresh oxides film could easily grow on the steel surface as long as the pore solution 
environment was favorable and enough time was allowed for its growth. During the formation 
process of oxides film on the surface of polished steel, polished steel was dissolved and released the 
free electrons. These electrons would be consumed by the cathodic reactions of polished steel. 
Compared to the scaled or rusted surface, the anodic reaction on the surface of polished steel might 
be relative higher and the cathodic reaction on the surface of polished steel might be relative lower, 
which could result in the relative negative potential of the polished steel. However, the dissolution 
of polished steel could be inhibited by the formed oxides film and the formed oxides on the surface 
of polished steel could enhance the cathodic reaction, which resulted in the improvement of 
half-cell potential of polished steel with the increasing of cycles. The difference of half-cell 
potential between the polished steel and the scaled steel was probably related to the different 
chemical composition of their oxides film, which was considered to have an influence on the 
dissolution of steel. The improved half-cell potential of the seawater rusted steel might be attributed 
to the realkalization of the rust layer duo to the diffusion and accumulation of hydroxyl ions on the 
rusted surface, and might also be attributed to the physical barrier effect of initial rust layer to 
inhibit the dissolution of steel, because the rust layer of seawater rusted steel was found to be very 
uniformly and adhered well the steel substrate.  
Based on the above analysis, attention was firstly given to a question that was usually 
concerned and discussed. The question was that whether the pre-rusted surface of reinforcing steel 
had an adverse effect on their corrosion resistance after they were placed in concrete or whether the 
high alkalinity of concrete could passivate the lowly, moderately and highly rusted steels. The 
answer obtained from the present investigation of half-cell potential was that, in the absence of 
chloride, the initial rusted surface had a positive effect on the improvement of half-cell potential of 
steel. According to the results of half-cell potential of pre-rusted steels embedded in the 
chloride-free cement mortars, another consideration would be given to the efficiency of 
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electrochemical chloride removal technique that was applied to the chloride contaminated concrete 
and could lead to the increase of hydroxyl ions concentration and the decrease of chloride ions 
concentration around the steel, and the efficiency of electrochemical realkalization technique that 
was applied to the carbonated concrete and could resulted in the recovery of high alkaline around 
the steel. Whether the electrochemical chloride removal and electrochemical realkalization 
techniques were effective or not on the reinforced concrete structures already deteriorated by 
corrosion, was the problem that was concerned by every researcher. In this study, the water rusted 
steel and seawater rusted steel embedded in chloride free mortars could simulate the ideal situation 
that was impossible in practice. This situation could be reached after perfect electrochemical 
chloride removal or electrochemical realkalization, in which the removal of all the chlorides or the 
complete realkalization was achieved. Generally, the information obtained from the ideal situation 
was a good indication of the information obtained from the real situation. As could be seen from 
Fig.6.8-a, after the 3rd cycle, the half-cell potential of the water rusted steel and seawater rusted 
steel embedded in the un-carbonated and chloride free mortars were much higher than -80mV, 
indicated that these pre-rusted steels might was in the passive state with a 90% probability. 
Therefore, it could be concluded that the electrochemical realkalization might be capable of 
repassivating steels with low or even high corrosion degree, and the electrochemical chloride 
removal technique which removed a high percentage of chloride but not all, could also be expected 
to achieve the desired repassivation of reinforcing steels.  
With the presence of chloride ions (3 wt% of cement), as summarized in Fig.6.8-b, irrespective 
of steel surface conditions, the half-cell potential of reinforcing steel was much lower than -230mV, 
indicated that steel was in active corrosion state with a 90% probability. In this aggressive 
environment, the half-cell potential of reinforcing steel with various surface conditions could be 
clearly distinguished. The polished steel always had the most negative potential values from the 1st 
cycle to the 7th cycle, and corresponding to this, the scaled or pre-rusted steels had the relative 
positive potential values. In the 1st, 3rd, 5th and 7th cycle, the potential values of steels with 
various surface conditions were in the following sequences: RW>RS>SC>P, SC>RS>RW>P, 
RS>RW>SC>P and SC>RS>RW>P, respectively. So it might be concluded that the existing oxides 
on the surface of the scaled or pre-rusted steels played a role in improving the half-cell potential. 
Another finding from Fig.6.8-b was the time variable characteristics of steel potential in the active 
corrosion state. The steel potential decreased at first, which was followed by a steady phase, and 
then showed an increasing trend. The decrease of steel potential at the beginning might be attributed 
to the increasing of moisture content of mortars which accelerated the corrosion of steel. The 
accumulation of corrosion products on the surface of steel promoted the formation of a dense rust 
layer that could improve the half-cell potential of steel. From the 1 cycle to the 7 cycle, the 
fluctuation of half-cell potential of seawater rusted steel was obviously smaller than that of polished 
and scaled steel, demonstrated that the influence of the rusted surface on the half-cell potential of 
steel did exist. The time taken for the decrease of half-cell potential of scaled steel was much longer 
than that of polished and rusted steel, indicated the better corrosion resistance of scaled surface. 
Duo to the qualitative characteristic of half-cell potential, the results obtained in this part would be 
further confirmed in the following parts by the quantitative information from the corrosion current 
density and the anodic/cathodic polarization curves. 
 
6.3.3 Effect of steel surface conditions on the micro-cell current density 
Fig.6.9 shows the effect of steel surface conditions on the micro-cell current density of steels 
embedded in cement mortars containing 0 or 3% chloride (wt% of cement). The definition and 
calculation of the micro-cell current density of steel had been introduced in the experimental part. 
The micro-cell current density shown in Fig.6.9 was obtained by averaging the micro-cell current 
density of two parallel specimens, where the micro-cell current density of each specimen was 
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determined by averaging the data in the disconnected periods. Seeing from Fig.6.9-a, in the 
un-carbonated and chloride free mortars, irrespective of steel surface conditions, the micro-cell 
current density of steels were much lower than 0.1μA/cm2, which indicated that the corrosion rate 
of steel was negligible and the steels were in passive state. The passive state of water rusted steel 
and seawater rusted steel further confirmed the fact that the highly alkaline environment of cement 
mortar was capable of repassivating the pre-rusted steel. The significance of this fact was that it 
provided a theoretical support for the expected efficiency of electrochemical realkalization and 
electrochemical chloride removal techniques. So the electrochemical realkalization and 
electrochemical chloride removal technique would be likely to reduce the corrosion to an adequate 
extent for practical purposes. However, it should be noted that although the micro-cell current 
density of water rusted and seawater rusted steels were much lower than 0.1μA/cm2, they were still 
higher than that of polished and scaled steels, and had a tendency to increase with the increasing of 
pre-rusting degrees. This means that under the action of the highly alkaline environment of cement 
mortar, the corrosion of pre-rusted steel could not be restored to the state of polished and scaled 
steels; its recovery level depended, to a large extent, on the pre-rusting degree. Compared with the 
polished steel, the micro-cell current density of scaled steel was relatively lower, which showed the 
good performance of scaled surface formed originally during the manufacture process. From the 1st 
cycle to the 7th cycle, the micro-cell current densities of steels with various surface conditions were 
always in the following sequence: RS>RW>P>SC. During the whole experiment process, the 
micro-cell current densities of polished and scaled steel fluctuated in a small range and maintained a 
relatively stable state, which were inconsistent with the results of half-cell potential as presented in 
Fig.6.8-a. While the micro-cell current densities of water rusted and seawater rusted steels 
decreased with the increasing of cycles, this not only provided a support for the increasing of their 
half-cell potential, but also indicated that the repassivation of pre-rusted steel was a slow process 
and more time would be needed to achieve the stable state. 
Seeing from Fig.6.9-b, with the presence of chloride ions (3 wt% of cement) in cement mortar, 
whatever the steels surface conditions were, the micro-cell current density of steels were higher 
than 0.1μA/cm2, which ensured that the steels were in the corroded state. From the 1st cycle to the 
7th cycle, the micro-cell current densities of steels with various surface conditions were always in 
the following sequence: RS>RW>SC>P. In these four different surface conditions, the micro-cell 
current density of polished steel was the lowest, which was likely a result of the elimination of the 
discontinuous mill scale or the roughened rusty surface and the improvement of the interface of 
steel and cement mortar. So from the viewpoint of the micro-cell current density, the polished steel 
showed the best performance against chloride-induced corrosion. This result was opposite to that 
obtained from half-cell potential. The half-cell potential of polished steel as shown in Fig.6.8-b was 
the lowest than other three steel surface conditions, which usually was considered to the worse 
performance against chloride-induced corrosion. In fact, the judgment from half-cell potential might 
be not suitable. The lowest potential value of polished could not reflect the corrosion rate of steel, 
but an indication of that the equilibrium of cathodic reaction and anodic reaction was formed. So 
half-cell potential was decided by both the rate of cathodic reaction and the rate of anodic reaction. 
Compared to the scaled or rusted surface, the cathodic reaction on the surface of polished steel 
might be relative lower. The rate of cathodic reaction on the surface of steel was usually controlled 
by the rate of reduction of oxygen and rust. The oxygen reduction was the prevailing reaction on the 
bare steel and mill scaled oxide film, but it also occurred efficiently on the rust products [3][8][18]. 
The differences in the kinetics and pathway for oxygen reduction on the bare steel, scaled and 
rusted oxide film consisted in their different electron transfer reaction pathways. The rate of oxygen 
reduction on the scaled and rusted oxide film was greater than that on the bare steel [8][19][20], 
which means that the cathodic reactions on the surface of polished steel was lowest. This might be 
the reason why the half-cell potential of polished steel was the lowest. Compared with the polished 
steel, the micro-cell current density of scaled steel was higher. The oxides film on surface of scaled 
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steel seemed difficult to improve the corrosion performance of steel embedded in chloride 
contaminated cement mortar, which was completely different from the result observed in chloride 
free mortar. The possible explanation for this was that the scaled steel had a generally discontinuous 
mill scale and some crevices might exist in the mill scale, both of which could easily lead to the 
formation of micro-galvanic cells that could accelerated the chloride induced steel corrosion.  
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Fig.6.9 Effect of steel surface conditions on the micro-cell current density of steels in B-side. (a) 
0% Cl- was added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
An interesting finding from the micro-cell corrosion current density calculated by the use of 
Stern-Geary equation was that the corrosion current density of reinforcing steel was significantly 
affected by the pre-rusting degree of steel surface and increased with the thickness of rust layer. The 
explanation for the too high current density of pre-rusted steel could be made from two aspects: the 
redox process of oxides in the rust layer and the high double layer capacitance caused by rust layer 
[3][21]. The high current density of pre-rusted steel corresponded to the low polarization resistance. 
The polarization resistance of steel could be calculated by the equation that 1/Rp=ΔI/ΔE, where ΔE 
(usually within ±10mV) was the over-potential applied to the steel and the ΔI was the current 
response to the application of ΔE. For the given over-potential ΔE, the ΔI was generally affected by 
the redox properties of oxides that existed on the surface of steel. According to the literatures, the 
rust layer formed on carbon steel exposed to the atmosphere (as the water rusted steel in this study) 
usually included the oxides γ-FeOOH, α-FeOOH, Fe2O3 and Fe3O4 as their main components 
[3][22][23][24]. The γ-FeOOH was the predominant phase in the composition of unaged rust 
formed in relatively short exposure time, and also was the only reactive compound of the rust. For 
the rust layer formed on steel surface exposed to the chloride contaminated environment (as the 
seawater rusted steel in this study), the oxide β-FeOOH could appear as the main phase and 
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increased markedly as the chloride concentration increased, while the amount of γ-FeOOH was low 
and was not affected by the chloride concentration [21][25]. Both β-FeOOH and γ-FeOOH were 
able to exhibit high reduction reactivity and γ-FeOOH was less reactive than β-FeOOH 
[18][19][21][26][27][28]. When these two components coexisted, β-FeOOH could play a 
fundamental role in the corrosion process [3][21][28]. The more important was that the reduction 
potential of β-FeOOH was slightly lower than corrosion potential [28], this means that, in the 
electrochemical measurement process of polarization resistance of the rusted steel, even small 
polarization could make β-FeOOH participate in cathodic reduction reaction, which resulted in the 
higher polarization current. So duo to the reduction of γ-FeOOH and β-FeOOH, one of the reasons 
for the high current density of water rusted steel and seawater rusted steel was that, for the given 
over-potential ΔE, the participation of γ-FeOOH and β-FeOOH in cathodic reduction reaction could 
increase the polarization current (ΔI) of the steel, which led to the decrease of polarization 
resistance of water rusted and seawater rusted steel. Another explanation for the high corrosion 
current density of pre-rusted steel might be sought in a response to the applied signal that was not 
properly accounted for in the measuring time used to obtain the response current (ΔI). In general, 
the current response ΔI to the application of the over-potential ΔE was divided into two components: 
ΔI=ΔIC+ΔIF, where ΔIC was the capacitive component (charging current), and ΔIF was the Faradaic 
component. In the first moment of applying the over-potential ΔE, the response current was mainly 
capacitive. The time taken for the transition of response current from the capacitive charging to the 
mainly Faradaic reactions depended on the system parameters and especially the capacitance value. 
Generally, in the conventional measurement of steel polarization resistance, the ΔI value was taken 
in the conditions in which ΔI≈ΔIF, in other words, ΔIF/ΔI≈1 (ΔIC≈0). The response current caused 
by the capacitive charging was neglected. However, according to the literature, in the case of rusted 
steel, the high capacitance values were existent and of the order of magnitude of 100 to 1000 
mF/cm2 or even higher, which were several thousand times the normal double layer capacitance 
values [21]. The large capacitance value obtained in the case of rusted steel was primarily attributed 
to the redox reaction of bivalent/trivalent iron in the inner rust layer. So from the viewpoint of the 
high double layer capacitance caused by rust layer, it could be understood that, for the same 
over-potential ΔE, the response current ΔI of pre-rusted steel would be higher than that of polished 
steel, which made the polarization resistance of pre-rusted steel lower than that of polished steel. 
 
6.3.4 Effect of steel surface conditions on the macrocell current density 
The surface conditions of reinforcing steels were the most important factors that caused the 
difference in half-cell potential and the extent of micro-cell and macrocell corrosion. The existing of 
an oxides film on the surface of steel, such as the mill scale and the rusting layer, might 
significantly change the electrochemical properties of the steel, resulting in very different macrocell 
action. When considering the surface conditions, the effect of time should also be included. With 
the passage of time, two basic changes invariably occurred in the corrosion system: one was the 
changes of the physical structure and chemical composition of the steel surface and the other one 
was the change in the composition of the mortar pore solution, particularly in the vicinity of steel 
surface. Special changes might also occur in surface roughness and area, adsorption of species, 
formation of passive film, saturation of dissolution products, precipitation of a solid layer and 
exhaustion of reactants. These changes might lead to the alterations in the equilibrium potentials, 
the type of reactions involved, and the rate-controlling process, and so on. As a result, the corrosion 
potential and the macrocell current would vary greatly depending on the nature and extent of these 
changes. The macrocell current might change with time as a result of changes in polarity and in 
potential difference between the steels in the A-side and B-side. 
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Fig.6.10. Effect of steel surface conditions on the macrocell current density of steels in B-side. (a) 
0% Cl- was added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
In this study, the effect of steel surface conditions on the macrocell current density of steel 
embedded in chloride-free and chloride-contaminated mortars was illustrated in Fig.6.10. The 
macrocell current density shown here was obtained by averaging the macrocell current density of 
two parallel cases, where the macrocell current density of each case was determined by averaging 
the data measured in the connected periods. The macrocell current measured here was the current 
that flowed between steels in A-side and B-side. The steels in A-side were all the polished steels, 
while the steels in B-side changed from the polished steels, scaled steels, and water rusted steels to 
seawater rusted steels. 
From Fig.6.10-a, it could be observed that, even in the chloride free mortars, the macrocell 
currents flowing between steels did exist and were significantly affected by the steel surface 
conditions. Although these macrocell current densities were very small and two orders of magnitude 
lower than 0.1μA/cm2, they were still the useful information to understand the influence of surface 
oxides on the corrosion behaviors of reinforcing steel. With the reference to the surface condition of 
steel in B-side, the macrocell current densities between steels were always in the following 
sequence: SC>RS>RW>P. The magnitude of macrocell current was not only dependent on the 
potential difference, resistivity of steel and concrete, but also on the kinetics of cathodic and anodic 
reactions. The macrocell currents between polished and polished steels were the lowest and had a 
tendency to decrease with the time. The lowest values between polished and polished steels were 
mainly attributed to their uniform surface condition which greatly reduced the potential difference 
between steels. The decrease of macrocell current might be related to the increase of mortar 
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resistivity and the decrease of temperature in the laboratory. The mortar resistivity was about 25~30 
kΩ.cm2 in the 1st cycle and increased to 50~80 kΩ.cm2 in the 3rd cycle and kept a constant from 
the 3rd cycle to the 7th cycle. The temperatures of laboratory in the 1st, 3rd, 5th, 7t cycle were 23℃, 
16℃, 12℃ and 16℃, respectively, which showed the similar trend as that of macrocell current 
density. The temperature dependence of the macrocell current had been confirmed by the study of 
Jäggi et al. [29]. Generally, the macrocell current increased with the increasing temperatures. The 
temperature dependence of the macrocell current was mainly attributed to the temperature 
dependence of anodic and cathodic reactions [30]. Although the variation of temperature in this 
study was small, it still was a contributory factor that could not be neglected. The greater potential 
difference between polished and scaled steels and that between polished and seawater rusted steels 
might be the main reason for the higher macrocell current. The reason that the macrocell current 
between polished and scaled steels was higher than that between polished and seawater rusted steels 
might be related to the kinetics of cathodic and anodic reactions of steel with various surface 
conditions. An explanation for this would be given by analyzing the cathodic and anodic 
polarization curves of steels in the next section. The macrocell currents flowing between polished 
and scaled steels and that flowing between polished and seawater rusted steels were all negative, 
which indicated that the free electrons moved from the polished steels in A-side to the scaled or 
seawater rusted steels in B-side, in other words, the polished steels in A-side acted as anode while 
the scaled or seawater rusted steels in B-side acted as cathode. This was well consistent with the 
half-cell potential of polished, scaled and seawater rusted steels as shown in Fig.6.8-a and the 
corrosion current density of polished and scaled steels as given in Fig.6.9-a, but was not consistent 
with the corrosion current density of polished and seawater rusted steels. The possible explanation 
for this was that the corrosion current density of seawater rusted steels embedded in chloride free 
mortar might be overestimated, as discussed in the previous section. Whether the transfer of free 
electrons from the polished steels to the seawater rusted steels could indicate the corrosion current 
density of seawater rusted steel was lower than that of polished steel, was a question that was 
worthy of being discussed. According to the literature [20], the oxygen reduction of an iron 
electrode was greatly increased duo to the formation of rust, because oxygen could be reduced in 
the iron oxides, which was generally porous and had a large effective surface area. The rusted steel 
surface was, thus, a highly effective cathode when coupled to the polished steel that had more 
negative potential. So this might be the one of the possible reasons for the transfer of free electrons 
from the polished steel to the seawater rusted steel. 
Seeing from Fig.6.10-b, when the steels in B-side were embedded in chloride contaminated 
mortars, the potential difference between steels in A-side and B-side increased greatly and the 
resistivity of steels in B-side decreased significantly, both of which made a contribution on the high 
macrocell currents that were affected by the surface conditions of steels in B-side. With the 
reference to the surface condition of steel in B-side, the macrocell current densities between steels 
were always in the following sequence: SC>P>RW >RS, which was completely different from that 
in chloride free mortars. The macrocell currents flowing between steels in A-side and B-side were 
all positive, which indicated that the free electrons moved from the steels in B-side to the steels in 
A-side, in other words, the polished steels in A-side acted as cathode while the polished, scaled, 
water rusted or seawater rusted steels in B-side acted as anode. Because all the polished steels in 
A-side acted as cathode and were in the same environments, the kinetics of cathodic reactions of the 
polished steels in A-side could be assumed to be the same when they were connected with the 
polished, scaled, water rusted or seawater rusted steels in B-side. So the macrocell currents flowing 
between steels in A-side and B-side might be dominated by the kinetics of anodic reactions of the 
polished, scaled, water rusted or seawater rusted steels in B-side. Besides this, the driving force in 
terms of potential difference between steels in A-side and B-side also played a role in dominating 
the macrocell currents. So the effect of steel surface conditions on the macrocell current density 
should be further analyzed together with the same driving force.  
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6.3.5 Effect of steel surface conditions on the anodic/cathodic polarization curves 
From the anodic and cathodic polarization curves that were often used to reveal the mechanism 
of steel corrosion, some important information on the kinetics of anodic and cathodic reactions 
could be obtained. In this study, the influence of various surface conditions on the anodic and 
cathodic polarization curves of steels embedded in chloride free mortars or chloride contaminated 
mortars was presented in Fig.6.11-a and Fig.6.11-b, respectively. All the polarization curves shown 
in Fig.6.11 were measured in the disconnected periods of 5th cycle. 
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Fig.6.11. Effect of steel surface conditions on the cathodic/anodic polarization curves of steels in 
B-side. (a) 0% Cl- was added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
As could be seen from Fig.6.11-a, in the chloride free mortars, both the anodic and cathodic 
polarization curves of steels were markedly affected by the surface conditions of reinforcing steel. 
For the same over potential, the polarization current densities of polished, scaled, water rusted and 
seawater rusted steels were in the following sequence: SC>RS>RW>P. The differences observed in 
the cathodic and anodic polarization curves might be caused by the original iron oxides that existed 
on the surface of steels and the quality of the oxides layer that newly formed in the mortars. 
Generally, the higher quality of the oxides layer was characterized by the lower polarization current 
density, and vice versa. The higher polarization current density would extrapolate to the higher 
corrosion rate, and thus these oxides layer would be less protective and of weaker quality. The 
lowest polarization current density of polished steel indicated that it had a better polarization 
resistivity than the scaled and pre-rusted steels. The presence of rust products on the surface of steel 
not only led to the increase of the anodic polarization current density but also resulted in the 
increase of cathodic polarization current density, which might be attributed to the redox reaction of 
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iron oxides in the rust layer and the disturbance of charging current caused by rust layer. Compared 
with the polished steel, the higher polarization current resulted from the small polarization of 
pre-rusted or scaled steels might be one of the reasons for the higher macrocell current flowing 
between the polished and the pre-rusted or scaled steels as shown in Fig.6.10-a. 
Seen from Fig.6.11-b, duo to the severe corrosion caused by chloride, the anodic and cathodic 
polarization curves of steels embedded in chloride contaminated mortars were different from that in 
chloride free mortars. A plateau on the anodic polarization curve was formed. The formation of this 
plateau was generally attributed to the existence of rust layer that was compact and well adherent to 
the steel substrate. The influence of steel surface conditions on the anodic and cathodic polarization 
curves was also observed. The polarization current density of polished steel was much lower than 
that of water rusted steel, indicated that the polished steel had a better polarization resistance against 
chloride induced corrosion. While the polarization curves of water rusted steel was similar to that of 
seawater rusted or scaled steel, no great difference could be observed. This at least indicated that in 
chloride contaminated mortars or concrete, the original pre-rusted surface didn’t have an adverse 
effect on the polarization resistance of steel, as compared with the scaled surface that commonly 
existed in the reinforced concrete structures. It should also be noted that the anodic and cathodic 
polarization curves of steels had a strong dependence on the corroding time that not only promoted 
the evolution of rust composition but also had an influence on the oxygen diffusion and the charge 
transfer. The rust oxides formed on the surface of steel in the initial stage accelerated the reactions 
of both anodic and cathodic, while in the later stage, the anodic reactions were suppressed and the 
cathodic reactions were accelerated [31]. In this study, the polarization curves of polished, scaled, 
water-rusted and seawater rusted steels were only investigated in the 5th cycle. The effect of these 
surface conditions on the polarization behaviors of steels in other cycles was unknown, further 
investigation on this point would be needed. 
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Fig.6.12. Definition of potential difference of macrocell corrosion. 
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6.3.6 Relationships between ΔEcorr and macrocell current density 
It was generally accepted that the potential difference between anodic and cathodic was one of 
the important factors to affect the macrocell current. So in order to better understand the effect of 
steel surface conditions on the macrocell current, the relationship between their potential difference 
and the macrocell current density would be investigated. The definition of potential difference was 
given in Fig.6.12. The ΔEcorr 1 was defined as the potential difference between steel in A-side and 
steel in B-side during the disconnected periods, and ΔEcorr 4 was the potential difference between 
steel in A-side and steel B-side during the connected periods. While ΔEcorr 2 was the potential 
difference of steel in A-side during the disconnected periods and connected periods, and ΔEcorr 3 
was the potential difference of steel in B-side during the disconnected periods and connected 
periods. The influence of steel surface conditions on the relationships between ΔEcorr i (i=1,2,3) 
and the macrocell current density was presented in Fig.6.13.  
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Fig.6.13 (a) relationships between ΔEcorr 1 and macrocell current density, (b) relationships between 
ΔEcorr 2 and macrocell current density, (c) relationships between ΔEcorr 3 and macrocell current 
density. 
 
It could be seen from Fig.6.13-a, that the macrocell current density was a function of ΔEcorr 1 
and increased with the increasing of ΔEcorr 1. The trend line between the macrocell current density 
and ΔEcorr 1 was similar to the anodic polarization curve of steel. The influence of steel surface 
conditions on the trend line between the macrocell current density and ΔEcorr 1 could be clearly 
observed. For the same ΔEcorr 1, with the reference to the surface condition of steel in B-side, the 
macrocell current densities between steels were in the following sequence: SC>RS>RW >P. This 
indicated that the steels with polished surface or pre-rusted surface had better resistance to inhibit 
the flow of macrocell current, compared to the scaled surface that formed in the production process. 
Another interesting finding from Fig.6.13-a, was that when the macrocell current density was 
greater than 0.05 μA/cm2, for the given macrocell current density, the ΔEcorr 1 changed in a very 
wide range. For example, to generate the macrocell current density of 0.1μA/cm2, the required 
potential difference (ΔEcorr 1) for the steels with scaled surface, water-rusted, seawater-rusted or 
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polished surface was about 300 mV, 400 mV, 500 mV and 600 mV, respectively. This indicated that 
a larger driving force in terms of potential difference did not necessarily mean a higher macrocell 
current density. The macrocell current density was not only limited by the cathodic reactions on the 
surface of passive steels in A-side but also limited by the anodic reactions on the surface of active 
steels in B-side. Because all the steels in A-side had the same conditions, the macrocell current 
density obtained in this study was mainly controlled by the anodic reactions on the surface of active 
steels in B-side. In other words, the surface conditions of steels could play a role in controlling the 
macrocell current. 
In Fig.6.13-b, a good exponential correlation between the measured macrocell current density 
and ΔEcorr 2 could be found, which was well consistent with the cathodic polarization curve of 
steels in A-side. This exponential correlation was only affected by the cathodic reactions on the 
surface of steels in A-side and not affected by the anodic reactions on the surface of active steels in 
B-side. Based on this, the macrocell current consumed by steels in A-side could be theoretically 
predicted by the use of the cathodic polarization curve and polarization potential (ΔEcorr 2) of 
steels in A-side. 
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Fig.6.14 Relationships between ΔEcorr 1 and ΔEcorr I (i=2,3,4). (a) B-side with polished surface 
and 0% Cl-, (b) B-side with scaled surface and 0% Cl-, (c) B-side with water-rusted surface and 0% 
Cl-, (d) B-side with seawater-rusted surface and 0% Cl-, (e) B-side with polished surface and 3% Cl-, 
(f) B-side with scaled surface and 3% Cl-, (g) B-side with water-rusted surface and 3% Cl-, (h) 
B-side with seawater-rusted surface and 3% Cl-. 
 
The relationship between the measured macrocell current density and ΔEcorr 3 was shown in 
Fig.6.13-c. The macrocell current density also was a function of ΔEcorr 3 and increased with the 
increasing of ΔEcorr 3. The trend line between the macrocell current density and ΔEcorr 3 was 
similar to the anodic polarization curve of steel in B-side, but could not well fit the measured data. 
The influence of steel surface conditions on the trend lines could be clearly observed. For the same 
ΔEcorr 3, with the reference to the surface condition of steel in B-side, the macrocell current 
densities between steels were in the following sequence: SC>RS>RW >P. This further confirmed 
the fact that the steels with polished surface or pre-rusted surface had better resistance to inhibit the 
macrocell corrosion, compared to the scaled surface that formed in the production process. It also 
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should be noted that for the given ΔEcorr 3 and the given steel surface condition, the macrocell 
current density varied in a wide range. The large scatter of the measured macrocell current density 
indicated that it was not feasible to predict the macrocell current by the using of anodic polarization 
curve and polarization potential (ΔEcorr 3) of steels in B-side. 
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Fig.6.15 Effect of steel surface conditions on the macrocell polarization ratio. (a) 0% Cl- was added 
in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
6.3.7 Effect of steel surface conditions on the macrocell polarization ratios of cathode and 
anode 
In the macrocell corrosion state, it was important to know the relative contributions from the 
resistance of mortar and the polarization of the steels, as described by ΔEcorr 1 = ΔEcorr 2 + ΔEcorr 
3 + ΔEcorr 4, which had been graphically illustrated in Fig.6.12. In order to obtain the relative 
contributions of ΔEcorr i (i=2,3,4) on ΔEcorr 1, the relationships between ΔEcorr 1 and ΔEcorr i 
(i=2,3,4) were plotted in Fig.6.14 and were fitted by the linear function. The slopes of the lines were 
defined as the macrocell polarization ratio of steel in A-side, the macrocell polarization ratio of steel 
in B-side and the macrocell polarization ratio of mortar resistance, respectively.  
The influence of steel surface conditions on the macrocell polarization ratio of steel in A-side, 
the macrocell polarization ratio of steel in B-side and the macrocell polarization ratio of mortar 
resistance were summarized in Fig.6.15. Because all the steels in A-side had polished surface, the 
symbols shown in Fig.6.15 were related to the surface conditions of steels in B-side. As could be 
seen from Fig.6.15-a, when the steels with various surface conditions in B-side were embedded in 
chloride-free mortars, a greater difference could be observed in the macrocell polarization ratio of 
steel in A-side, the macrocell polarization ratio of steel in B-side and the macrocell polarization 
ratio of mortar resistance. When the steels in B-side had polished surface, both the macrocell 
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polarization ratio of steels in A-side and that in B-side was very small and about 14% or less, while 
the macrocell polarization ratio of mortar resistance taken a large proportion and was about 72% or 
more. The smaller macrocell polarization ratio of polished steels and the larger macrocell 
polarization ratio of mortar resistance might be attributed to the smaller potential difference (ΔEcorr 
1) that ranged from 10 to 60 mV, and the higher polarization resistance or the lower anodic/cathodic 
polarization current density of the polished steel. When the steels in B-side had scaled surface, the 
macrocell polarization ratio of steels in A-side and that in B-side increased to 69% and 22%, 
respectively, while the macrocell polarization ratio of mortar resistance reduced to 14%. So in this 
macrocell polarization state, the contributions from the polarization of the steels were strengthened 
and the contribution from the resistance of mortar was weakened. The macrocell polarization ratio 
of steels in A-side was much higher than that in B-side. A possible explanation for this was that the 
polarization current density of scaled steel in B-side was higher than that of polished steel in A-side. 
And based on this, to produce or consume the same current, the polarization potential (ΔEcorr 3) of 
scaled steel in B-side would be smaller than the polarization potential (ΔEcorr 2) of polished steel 
in A-side. When the steels in B-side had water rusted surface, the macrocell polarization ratio of 
steels in A-side was about 25% which was higher than the condition that the steels in B-side had 
polished surface and lower than the condition that the steels in B-side had scaled surface. In this 
condition, the macrocell polarization ratio of steels in B-side and the macrocell polarization ratio of 
mortar resistance had reached to 46% and 29%, respectively. Compared to the water rusted surface, 
the seawater rusted surface further led to the increase of the macrocell polarization ratio of steels in 
A-side and the decrease of the macrocell polarization ratio of steels in B-side and mortar resistance. 
On the basis of above-mentioned analysis, the effect of steel surface condition on the macrocell 
polarization ratios of steels was confirmed. However, an important thing to be noted here was that 
in the chloride-free mortars, the potential differences (ΔEcorr i, i=1,2,3,4 ) were in the range of 5 to 
90 mV, which were prone to be disturbed by various factors and thus had an effect on the macrocell 
polarization ratios. Therefore, the macrocell polarization ratios presented in Fig.6.15-a, could only 
be taken as a reference. Further investigation would be needed to confirm the effect of steel surface 
condition on the macrocell polarization ratios of steels. 
As could be seen from Fig.6.15-b, when the steels with various surface conditions in B-side 
were embedded in mortars containing 3% chloride (wt% of cement), the effect of steel surface 
conditions on the macrocell polarization ratio of steels and mortar resistance also could be clearly 
distinguished. The macrocell polarization ratio of mortar resistance was in the range of 3% to 9%, 
depending on the surface conditions of steels in B-side. The lower macrocell polarization ratio of 
mortar resistance in chloride-contaminated mortar compared to that in chloride-free mortar might be 
attributed to the fact that the presence of chloride could decrease the resistance of mortar. With the 
reference to the surface condition of steel in B-side, the macrocell polarization ratios of steels in 
A-side were in the following sequence: SC (62%) > RS (60%) > RW (41%) > P (38%), and the 
macrocell polarization ratios of steels in B-side were in the following sequence: P (58%) > RW 
(52%) > RS (31%) > SC (30%). So it could be concluded that compared to the polished surface of 
steel, the presence of oxides (such as mill scale, rust) on the surface of steels could reduce the 
macrocell polarization ratios of steels. The lower macrocell polarization ratios of scaled and 
seawater-rusted steels in B-side might be related to the redox reactions of oxides on the surface of 
steels. Because the oxides on the surface of steel had an influence on the anodic/cathodic 
polarization curve of steel, a relationship might exist between the macrocell polarization ratios of 
steel and the anodic/cathodic polarization curve of steel. This relationship would be helpful to 
understand the macrocell polarization of steel and would be investigated in the next work. It should 
be noted here that the macrocell polarization ratios shown in Fig.6.15-b were just the short-time 
results obtained from the 1st cycle to 7th cycle. With the continued increasing of cycles, the surface 
state of polished steel in B-side would changed gradually from no rusting to low rusting degree and 
finally turned into high rusting degree that was similar to the surface condition of seawater rusted 
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steel. Corresponding to this, some changes in the macrocell polarization ratios of polished steel 
would be expected.  
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Fig.6.16 Time evolution curves of macrocell polarization ratio of steel with polished surface. 
 
In order to better understand the influence of iron oxides or rust on the macrocell polarization 
ratios of steel and mortar, the time evolution curves of the macrocell polarization ratios of polished 
steel was described in Fig.6.16. Both the steels in A-side and B-side had polished surface, and the 
polished steel in A-side was embedded in chloride free mortar while the polished steel in B-side was 
embedded in mortar containing 3% chloride (wt% of cement). Duo to the corrosion induced by 
chloride ions, the surface state of polished steel in B-side would changed gradually from no rusting 
to low rusting degree and finally turned into high rusting degree. Based on the conclusions obtained 
from Fig.6.15-b, the presence of rusting oxide on the surface of steel would have an impact on the 
macrocell polarization ratios of polished steels in both A-side and B-side. From Fig.16, with the 
increasing of cycles, the trends of the macrocell polarization ratios of polished steels in both A-side 
and B-side could be clearly observed. From the 1st cycle to 7th cycle, the macrocell polarization 
ratios of polished steels in A-side and B-side were relatively stable and about 34% and 65%, 
respectively, and then from the 7th cycle to 16th cycle, the macrocell polarization ratios of polished 
steels in A-side increased with the increasing of cycles while the macrocell polarization ratios of 
polished steels in B-side decreased with the increasing of cycles, and subsequently, starting from the 
16th cycle, both the macrocell polarization ratios of polished steels in A-side and B-side reached a 
relatively stable value that was about 67% and 22%, respectively. These macrocell polarization 
ratios were in good agreement with that of seawater rusted steels, which not only indicated that lots 
of rust oxides had accumulated on the surface of polished steel in B-side but also provided a support 
for the conclusion that the presence of rust oxides on the surface of anodic steel could reduce the 
macrocell polarization ratios of anode. 
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Fig.6.17 Relationship between macrocell polarization and anodic/cathodic polarization curves. (a) 
case 2-1, (b) case 4-1, (c) case 6-1, (d) case 8-1, (e) case 2-2, (f) case 4-2, (g) case 6-2, (h) case 8-2. 
 
6.3.8 Relationship between macrocell polarization and anodic/cathodic polarization curves 
Fig.6.17 plotted the anodic/cathodic polarization curves, corrosion potential and corrosion 
current density of steels in the disconnected and connected periods of 5th cycle in which these 
electrochemical parameters were regarded as stable. In the disconnected periods, the corrosion 
potential and corrosion current density of steels in A-side (black filled square) and B-side (red filled 
triangle) were considered as the intersect point of anodic polarization curve and cathodic 
polarization curve of steels in A-side (black-thin lines) and B-side (red-thin lines). When the steel in 
A-side was connected with that in B-side, duo to the electrochemical driving force, the steel in 
A-side was polarized cathodically to a lower potential point marked as black hollow square while 
the steels in B-side were polarized anodically to a higher potential point marked as red hollow 
triangle, and ohmic potential drop existed between the steels in A-side and B-side. The newly 
developed polarization caused the macrocell current flowing from steel in A-side to steel in B-side. 
Since the surface area of steel in A-side was equal to that in B-side, macrocell current densities on 
steel in A-side and steel in B-side had the same value but opposite signs. The black thick line from 
the black filled square point to the black hollow square point was defined as the macrocell 
polarization curve of steel in A-side while the red thick line from the red filled triangle point to the 
red hollow triangle point was defined as the macrocell polarization curve of steel in B-side. 
Theoretically, the macrocell polarization of steel in the connected period was the result of the 
further polarization of steel in the disconnected period duo to the macrocell potential difference. 
This macrocell potential difference imposed a negative over-potential on the steel of A-side and a 
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positive over-potential on the steel of B-side and therefore led to the polarization of steels and the 
generation of current. Duo to the same principle of polarization, a relationship between the 
macrocell polarization and anodic/cathodic polarization curves of steels might exist.  
It could be found that, irrespective of the surface conditions of steels in B-side, the macrocell 
polarization curve of steel that acted as cathode in A-side was well consistent with its cathodic 
polarization curves while the macrocell polarization curve of steel that acted as anode in B-side did 
not follow the same trend with its anodic polarization curve. In theory, the macrocell current that 
induced by the macrocell polarization potential (such as ΔEcorr 2 or ΔEcorr 3 ) should be equal to 
the cathodic or anodic polarization current that induced by the same over-potential imposed by the 
potentiostat. Seen from the experimental results shown in Fig.6.17, all the black hollow square 
points showing the macrocell corrosion state of steels in A-side were very close to the cathodic 
polarization curves of steels in A-side while all the red hollow triangle points showing the macrocell 
corrosion state of steels in B-side were far away from the anodic polarization curves of steels in 
B-side. The macrocell current densities were much lower than the corrosion current densities of 
steels in B-side (red filled triangle points), which was not agreement with the result of Gulikers [32] 
that for the anodic overpotential exceeding 50mV, the magnitude of the macrocell current density 
might be considered to be nearly equal to the actual dissolution rate of anode (steels in B-side in this 
study) and also was not consistent with the macrocell corrosion model proposed by Maruya et al [13] 
and Pergola et al [33]. The possible explanations for this result could be given from two aspects: the 
accuracy of anodic/cathodic polarization curve and the factors influencing macrocell current density. 
From the view point of the accuracy of anodic/cathodic polarization curve, the anodic/cathodic 
polarization curve was greatly affected by the scan rate [34] and the waiting time. If the scan rate 
was too rapid and the waiting time was too short, the result might not be representative of the 
system under the test. On the other hand, if the scan rate was too slow and the waiting time was too 
long, the system might change during the measurement. So the appropriate scan rate and the 
suitable waiting time were necessary to obtain the relatively accurate anodic/cathodic polarization 
curve. The appropriate scan rate and the suitable waiting time would be different due to the 
moisture content of mortar and the surface conditions of steel, and therefore should be further 
investigated in the next stage. From another point of view, the macrocell current density shown in 
Fig.6.17 could be affected by various factors, but one consideration should be given to the 
reasonability of the calculation of macrocell current density referred to the total surface area of 
steels in B-side. The steel in B-side was embedded in mortar containing 3% chloride (wt% of 
cement) and acted as anode. This anode had both anodic and cathodic areas operating 
simultaneously in order to maintain the corrosion reaction. When this anode or corroded steel in 
B-side was connected to the cathode or passive steel in A-side, really what was happening was an 
extension of the cathodic areas which induced a decrease of the cathodic areas previously operating 
in the anode [35]. And this redistribution of the area ratio of cathode to anode was greatly 
influenced by the oxygen concentration that varied with the moisture content of mortar [36]. 
Therefore, the corroded steel in B-side was not usually a pure anode and had some cathodic areas 
still operating on its surface. These cathodic areas might be almost completely suppressed when the 
anode was effectively deareated or when the area ratio of cathode to anode was very high [35][37]. 
Only in this situation, the macrocell current density flowing between steel in A-side and steel in 
B-side would approach or equate the dissolution rate of steel in B-side. 
 
6.3.9 Effect of steel surface conditions on the macrocell polarization slopes of cathode and 
anode 
The macrocell polarization slope of cathode (anode) had been defined in the macrocell 
corrosion model proposed by Maruya et al [13] as shown in Fig.6.18. The macrocell polarization 
slope and angle of cathode was marked as βma-c and θc, while the macrocell polarization slope and 
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angle of anode was marked as βma-a and θa. The βma-c or βma-a could be calculated by the two points 
that represented the corrosion state of cathodic or anodic steel in micro-cell corrosion state ((imi-c, 
Emi-c) or (imi-a, Emi-a)) and macrocell corrosion state ((ima, Ema-c) or (ima, Ema-a)). The value of the 
point that represented the corrosion state of cathodic (anodic) steel in micro-cell corrosion state was 
obtained by averaging the half-cell potential and the micro-cell current density obtained in the 
disconnected periods, while the value of another point that represented the corrosion state of 
cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the half-cell potential 
and the macrocell current density obtained in the connected periods. For the steel in A-side and the 
steel in B-side, which acted as cathode and which acted as anode was judged based on the direction 
of macrocell current. Conventionally, the direction of macrocell current was from cathode to anode 
and was in the opposite direction of the flow of electrons. So if the macrocell current was flowing 
from the steel in A-side to the steel in B-side, the steel in A-side acted as cathode that consumed the 
electrons and the steel in B-side acted as anode that released the electrons; if the macrocell current 
was flowing from the steel in B-side to the steel in A-side, the steel in A-side acted as anode and the 
steel in B-side acted as cathode. 
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Fig.6.18 Definition of macrocell polarization slope of cathode and anode [21] 
 
The macrocell polarization slopes of cathode (βma-c) and anode (βma-a) could reflect the 
polarization ability of cathode and anode in the macrocell corrosion state. The higher the βma-c was, 
the stronger the ability of cathode to consume the electrons, which means the lower was macrocell 
polarization resistance of cathode. The lower the βma-a was, the stronger the ability of anode to 
produce the electrons, which means the lower was macrocell polarization resistance of anode. 
The influence of steel surface conditions on the macrocell polarization ratio of steel in A-side, 
the macrocell polarization ratio of steel in B-side and the macrocell polarization ratio of mortar 
resistance were summarized in Fig.6.19. Because all the steels in A-side had polished surface, the 
symbols shown in Fig.6.19 were related to the surface conditions of steels in B-side. For the cases 
with various steel surface conditions, the average values and the standard deviation of macrocell 
slopes (βma-c and βma-a) were analyzed statistically based on the data obtained from the first cycle to 
the last cycle.  
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         (a)                                  (b) 
Fig.6.19 Effect of steel surface conditions on the macrocell polarization slopes of cathode and 
anode. (a) 0% Cl- was added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
As could be seen from Fig.6.19-a, when the steels with various surface conditions in B-side 
were embedded in chloride-free mortars, the average values of βma-c for the cases with polished, 
scaled, water-rusted and seawater-rusted surface, were 3.55, 5.03, 3.84 and 3.80 mV/dec, 
respectively. The average values of βma-a for the cases with polished, scaled, water-rusted and 
seawater-rusted surface, were -2.09, -43.10, -5.31 and -26.17 mV/dec, respectively. The steel 
surface conditions did not have much impact on the macrocell polarization slope of cathode (βma-c), 
but had a significant influence on the macrocell polarization slope of anode (βma-a). The βma-a of 
polished surface was the highest, which means the polished steel had the highest macrocell 
polarization resistance. In other words, the ability of steel with polished surface to produce electrons 
was the lowest in the macrocell corrosion state. The βma-a of water-rusted surface (low-rusted degree) 
was lower than that of polished surface and higher than that of seawater-rusted surface (high-rusted 
degree). This indicated that the increasing of pre-rusting degree could lead to the decrease of 
macrocell polarization slope of anode, which means the macrocell polarization resistance of anode 
was decreased and the anode was more prone to producing electrons in the macrocell corrosion 
state. The βma-a of scaled surface was the lowest, which means the scaled steel had the lowest 
macrocell polarization resistance.  
As could be seen from Fig.6.19-b, when the steels with various surface conditions in B-side 
were embedded in mortars containing 3% chloride (wt% of cement), the average values of βma-c for 
the cases with polished, scaled, water-rusted and seawater-rusted surface, were -196, -164, -164 and 
-188mV/dec, respectively. The average values of βma-a for the cases with polished, scaled, 
water-rusted and seawater-rusted surface, were -856, 213, -478 and -95 mV/dec, respectively. Based 
on these data, it could be found that the surface condition of anodic steel did not have much impact 
on the macrocell polarization slope of cathode (βma-c), but had a significant influence on the 
macrocell polarization slope of anode (βma-a). The increasing of pre-rusting degree of anodic steel 
could lead to the increase of macrocell polarization slope of anode, which means the rusted surface 
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was more prone to inhibiting the flow of macrocell current in the macrocell corrosion state.  
It should be noted here that the βma-a of scaled surface had a positive value and the βma-a of 
polished, water-rusted and seawater-rusted surface had a negative value. On the surface, the βma-a of 
scaled surface was the highest. However, actually, the macrocell polarization resistance of anode 
with scaled surface was the lowest. As could be seen from Fig.6.18, the positive value of βma-a 
means the macrocell polarization angle of anode (θa) was in the range of 0~90 degrees and the 
negative value of βma-a means the macrocell polarization angle of anode was in the range of 90~180 
degrees. So the use of macrocell polarization slopes of cathode and anode (βma-c and βma-a) in this 
study might lead to the misunderstanding on the macrocell polarization resistance of cathode and 
anode. 
In order to better understand the effect of steel surface conditions on the macrocell polarization 
slopes of cathode and anode, the macrocell polarization angles of cathode (θc) and anode (θa) were 
used instead of the βma-c and βma-a. Duo to the relationships that βma-c=-tan(θc) and βma-a=tan(θa), the 
macrocell polarization angle of cathode (θc) and anode (θa) could be obtained. Theoretically, the 
higher the θc was, the lower the ability of cathode to consume the electrons, which means the 
higher was macrocell polarization resistance of cathode. The higher the θa was, the lower the ability 
of anode to produce the electrons, which means the higher was macrocell polarization resistance of 
anode. 
The effect of steel surface conditions on the macrocell polarization angles of cathode (θc) and 
anode (θc) were described in Fig.6.20. The data presented in this figure were all same to that given 
in Fig.6.19, which were just expressed in a different way to better understand the influence of 
moisture contents on the polarization resistance of cathode and anode in the macrocell state.  
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         (a)                                  (b) 
Fig.6.20 Effect of steel surface conditions on the macrocell polarization angles of cathode and 
anode. (a) 0% Cl- was added in mortars of B-side, (b) 3% Cl- was added in mortars of B-side. 
 
Seeing from Fig.6.20-a, when the steels with various surface conditions in B-side were 
embedded in chloride-free mortars, the average values of macrocell polarization angle of cathode 
(θc) for the cases with polished, scaled, water-rusted and seawater-rusted surface, were 105.74, 
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101.25, 104.60 and 104.73 degrees, respectively. The average values of macrocell polarization 
angle of anode (θa) for the cases with polished, scaled, water-rusted and seawater-rusted surface 
were 115.52, 91.33, 100.66 and 92.19 degrees, respectively. Based on these data, it could be 
confirmed that the presence of various steel surface conditions in chloride-free mortars had little 
influence on the macrocell polarization resistance of cathode, but had a great impact on the 
macrocell polarization resistance of anode. The polished surface made the anode have the highest 
macrocell polarization resistance, and the increasing of pre-rusting degree could weaken the 
macrocell polarization resistance of anode. The scaled surface made the anode have the lowest 
macrocell polarization resistance, which means the scaled surface could more easily lead to the 
formation of macrocell current. 
Seeing from Fig.6.20-a, when the steels with various surface conditions in B-side were 
embedded in mortars containing 3% chloride (wt% of cement), the average values of macrocell 
polarization angle of cathode (θc) for the cases with polished, scaled, water-rusted and 
seawater-rusted surface, were 89.71, 89.65, 89.65 and 89.70 degrees, respectively. The average 
values of macrocell polarization angle of anode (θa) for the cases with polished, scaled, 
water-rusted and seawater-rusted surface were 90.07, 89.73, 90.12 and 90.60 degrees, respectively. 
According to these data, it could be confirmed that the surface condition of anodic steel did not 
have much impact on the macrocell polarization angle of cathode (θc), but had a significant 
influence on the macrocell polarization angle of anode (θa). The θa of anodic steel with scaled 
surface was the lowest, which means the initial scaled surface made the anode had the worst 
macrocell polarization resistance. In other words, the scaled surface was more likely to lead to the 
formation of macrocell current. The θa of anodic steel with polished surface was higher than that of 
scaled surface, indicated that the initial polished surface could improve the macrocell polarization 
resistance of anode and therefore had the ability to weaken the flow of macrocell current. Compared 
to the polished surface, the increasing of pre-rusting degree on the surface of anode could lead to 
the further increase of θa, which means the pre-rusted surface could enhance the macrocell 
polarization resistance of anode and therefore could more easily weaken the flow of macrocell 
current. The θa of anodic steel with seawater rusted surface was the highest, which means the 
seawater rusted surface made the anode had the best resistance to inhibit the flow of macrocell 
current. 
 
6.3.10 Mechanism of macrocell corrosion affected by steel surface conditions 
Based on the above analysis, for the case that anode was corroded by chloride, the mechanism 
for the initial surface condition of anodic steel to affect the macrocell corrosion was illustrated in 
Fig.6.21. For the sake of explanation, case P (cathode with polished surface and Cl-=0%, anode with 
polished surface and Cl-=3%), case R (cathode with polished surface and Cl-=0%, anode with 
pre-rusted surface and Cl-=3%) and case S (cathode with polished surface and Cl-=0%, anode with 
scaled surface and Cl-=3%) were defined.  
Seeing from Fig.6.21-a, compared to the initial polished surface of anode in case P, the 
pre-rusted surface of anode in case R could lead to the increase of corrosion potential from Emi-a-P to 
Emi-a-R and the increase of micro-cell corrosion density of anodic steel from imi-a-P to imi-a-R in the 
micro-cell corrosion state, which led to the lower macrocell potential difference between cathodic 
and anodic steels. In macrocell corrosion state, the pre-rusted surface of anode had little influence 
on the macrocell polarization slope of cathodic steel (θc-R=θc-P) and increased macrocell 
polarization slope of anodic steel (θa-R>θa-P). So the lower macrocell potential difference and the 
higher macrocell polarization resistance of anode resulted in the decrease of macrocell current 
(from ima-P to ima-R). 
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         (a)                                  (b) 
Fig.6.21 Mechanism of macrocell corrosion affected by steel surface conditions. (a) effect of rusted 
surface, (b) effect of scaled surface. 
 
Seeing from Fig.6.21-b, compared to the initial polished surface of anode in case P, the scaled 
surface of anode in case S could lead to the increase of corrosion potential from Emi-a-P to Emi-a-S and 
the increase of micro-cell corrosion density of anodic steel from imi-a-P to imi-a-S in the micro-cell 
corrosion state, which led to the lower macrocell potential difference between cathodic and anodic 
steels. In macrocell corrosion state, the scaled surface of anode had little influence on the macrocell 
polarization slope of cathodic steel (θc-S=θc-P) and decreased macrocell polarization slope of 
anodic steel (θa-S<θa-P). Although the macrocell potential difference was decreased, the lower 
macrocell polarization resistance of anode provided great contribution in increasing the macrocell 
current from ima-P to ima-S.  
 
6.3.11 Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation 
In the real reinforced concrete structures, macrocell current density (icorr-ma) flowing between 
the actively corroding steel and the steel which was passive or had a lower corrosion rate usually 
can not be measured directly duo to the continuity and integrity of steel, and the corrosion current 
density calculated by the Stern-Geary equation (icorr-SG) was widely used as the parameter to 
quantitatively evaluate the corrosion rate of steel. Technically, this corrosion current density was 
defined as micro-cell current density, because it was confined to a defined area under the counter 
electrode [37] and was obtained based on the hypothesis that the oxidation current of anode was 
equal to the reduction current of cathodic. Strictly speaking, this corrosion current density was not 
the real dissolution rate of steel, because it did not contain the macrocell current density (icorr-ma) 
flowing from the measured area to other un-measured area. Therefore, in order to better evaluate the 
corrosion rate of steel, it was necessary to investigate the relationship between icorr-SG and icorr-ma, 
and based on this relationship to speculate the possible magnitude of macrocell current density. 
According to the available literatures [11][12][14], some work had been done by researchers to 
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investigate the relationship between icorr-SG and icorr-ma. Andrade et al [14] had analyzed the relative 
contributions of icorr-SG and icorr-ma. They concluded that if the anodic areas were 41 times larger than 
the cathodic areas, the value of icorr-ma was about two orders of magnitude lower than that of icorr-SG. 
If the anodic areas and the cathodic areas were of the same size, the value of icorr-ma was of the order 
of icorr-SG. Only when the cathodic areas were 41 times larger than the anodic area, the value of 
icorr-ma was about 3-6 times greater than that of icorr-SG. In another study of Hansson et al [12], they 
investigated the macrocell and micro-cell corrosion of steels (the area ratio of cathode to anode was 
2) in ordinary Portland cement and high performance concretes and concluded that the icorr-SG were 
about 2 times greater than the icorr-ma in ordinary concrete, while the icorr-ma in high performance 
concrete was between two and three orders of magnitude lower than the icorr-SG, which was not 
surprising because the macrocell currents were controlled, in large part, by the resistance to an ionic 
current flowing in the concrete between the top bar and the bottom bars. The study of Poursaee et al 
[11] investigated the macro- and micro-cell corrosion of steel bars (the area ratio of cathode to 
anode was 3) in ordinary Portland cement mortar exposed to NaCl, MgCl2 and CaCl2, initially at 
low concentration and, subsequently, at the maximum concentration used in the field. They found 
that for the specimens exposed to NaCl and MgCl2 solutions, the icorr-SG were higher than the icorr-ma 
and this difference was greater for the specimens exposed to NaCl solution than for those exposed 
to MgCl2. The icorr-ma and the icorr-SG of the specimens exposed to CaCl2 were similar. As was 
mentioned above, the influence of the area ratio of cathode to anode, the admixtures and different 
deicing salts on the relationship between icorr-SG and icorr-ma had been confirmed, but the data 
available in literature concerning the effect of steel surface conditions on the relationship between 
icorr-SG and icorr-ma was scare. Furthermore, for the given area ratio of cathode to anode, whether the 
value of icorr-SG had an influence on the value of icorr-ma also should be verified.  
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Fig.6.22. Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation. (a) in the disconnected periods, (b) in the connected periods. 
 
In this study, the values of icorr-ma in each cycle were plotted against the values of icorr-SG 
measured at the same cycle for the periods that the steel of A-side was disconnected with the steel 
Kyushu Institute of Technology 
145 
of B-side in Fig.6.22-a and for the periods that the steel of A-side was connected with the steel of 
B-side in Fig.6.22-b. As could be seen from Fig.22-a, the influence of the value of icorr-SG on the 
value of icorr-ma could be confirmed. When the value of icorr-SG was higher than 0.1μA/cm2, the 
corresponding value of icorr-ma was equal to or slightly lower than the value of icorr-SG. While the 
value of icorr-SG was lower than 0.1μA/cm2, the corresponding value of icorr-ma was between one and 
three orders of magnitude lower than the value of icorr-SG. The surface conditions of anodic steels 
played an important role in controlling the magnitude of macrocell current density. For the same 
icorr-SG, with the reference to the surface condition of anodic steel in B-side, the macrocell current 
densities between steels were in the following sequence: SC>P>RW>RS. This indicated that the 
scaled surface was more prone to inducing the macrocell corrosion compared to the polished 
surface and the pre-rusted surface. The polished surface and pre-rusted surface seemed to provide a 
better resistance to inhibit the flow of macrocell current. However, attention should be paid to the 
potential difference (ΔEcorr 1) that usually had a greater influence on the macrocell current. The 
potential difference for the case with seawater-rusted steel was 100~200mV lower than that for the 
case with scaled steel. So whether this potential difference resulted in the lower macrocell current 
density of seawater-rusted steel, was worthy of consideration. And another work in the next stage 
was to investigate the influence of potential difference on the relationship between icorr-SG and 
icorr-ma. 
In Fig.6.22-b, the value of icorr-SG was obtained from the connected periods, in which the 
macrocell corrosion was occurring. This condition was consistent to the practical situations in the 
field reinforced concrete structures. Seen from the figure, the influence of icorr-SG on icorr-ma could be 
confirmed. The ratio of icorr-ma to icorr-SG increased with the increasing of icorr-SG. The effect of surface 
condition of anodic steel on the macrocell current density also could be observed. With the 
reference to the surface condition of anodic steel in B-side, when icorr-SG was lower than 0.1μA/cm2, 
the ratios of icorr-ma to icorr-SG were in the following sequence: SC>P>RW>RS, and icorr-ma was 
between one and two orders of magnitude lower than icorr-SG. While icorr-SG was higher than 
0.1μA/cm2, the ratios of icorr-ma to icorr-SG were in the following sequence: P>RW>SC>RS and icorr-ma 
was equal to or higher than icorr-SG.  
 
Table 3-2 Functional relationship between icorr-ma and icorr-SG 
log(icorr-ma) 
=a*log(icorr-SG)+b 
icorr-SG, in disconnected periods icorr-SG, in connected periods 
a b R2 a b R2 
Polished 1.4559 -0.1901 0.7022 2.0189 0.8935 0.5700 
Scaled 1.2247 0.0668 0.9212 1.5204 0.2881 0.8728 
Water rusted 1.5792 -0.5323 0.9588 2.1057 0.4832 0.9327 
Seawater rusted 1.3478 -0.8631 0.8427 1.6700 -0.2936 0.8797 
 
The relationships between icorr-ma and icorr-SG were fitted by non-linear function and the results 
were given in Table 3-2. It could be found that there was a good relationship between log(icorr-ma) 
and log(icorr-SG), which was in the form of log(icorr-ma)=a* log(icorr-SG)+b, where a and b were the 
parameters varied with the steel surface conditions. These relationships provided a theoretical basis 
for predicting the possible magnitude of icorr-ma from the value of icorr-SG. It should be noted that the 
relationships obtained in this study were only suitable for the conditions that the cathode areas were 
equal to the anode areas. If the area ratio of cathode to anode was higher or lower than 1, some 
changes on the fitted parameters (a and b) would happen. Further more, other factors influencing 
the value of icorr-ma or icorr-SG might also have an influence on these relationships, which would be 
confirmed in the next work. 
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6.4 Conclusions 
Based on above analysis and discussions, the following conclusions could be obtained. 
The initial steel surface conditions had a greater influence on the macrocell current flowing 
between cathode and anode. For chloride-induced corrosion, the polished surface was more 
effective to inhibit the macrocell current than the scaled surface that formed in the production 
process. 
Steel surface conditions played a role in controlling the macrocell polarization ratios of 
cathode and anode. Compared to the polished surface, the presence of oxides (such as mill scale or 
rust) on the surface of anodic steel could reduce the macrocell polarization ratio of anode, and 
therefore made the macrocell corrosion more controlled by cathode.  
Steel surface conditions also had an influence on the macrocell polarization resistance of anode. 
For chloride-induced corrosion, compared to the scaled surface, the polished surface could increase 
the macrocell polarization resistance of anode, and therefore weaken the macrocell corrosion. 
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Chapter 7  
Effect of Water-Cement Ratio  
On the Macrocell Corrosion and Polarization Behavior 
Of Reinforcing Steel 
 
 
 
7.1 Introduction 
The water to cement ratio (w/c ratio) is one of the most important parameters that determines 
the long-term properties of concrete. For cement pastes hydrated to the same degree, as the 
water-cement ratio decreases, the permeability decreases as well. The permeability of reinforced 
concrete is a critical factor limiting the ingress of chlorides and the diffusion of carbon dioxide, 
oxygen and other aggressive agents and therefore plays an important role in controlling the 
micro-cell and macrocell corrosion behaviors of reinforcing steel. 
According to the study of Arya and Vassie [1], for the same area ratio of cathode to anode, a 
lower water-cement ratio and hence lower permeability could decrease the macrocell current 
flowing between cathodic steel and anodic steel. This lower current obtained from the lower 
permeability mix could probably be explained by the higher resistance of concrete and the lower 
transport rate of oxygen and ferrous ions producing restrictions to the cathdode and anode reaction 
kinetics. Similar results could be confirmed by the study of Vedalakshmi et al [2], Hansson et al [3] 
and Ohno et al [4][5][6][7]. The results of Raupach [8] indicated that a reduction of the 
water-cement ratio from 0.6 to 0.5 yielded a further reduction in steel mass loss in the crack zone. 
This influence was especially pronounced after 24 weeks and then became much smaller after one 
year, which might be explained by the fact that the period up to depassivation was prolonged by a 
reduction of the water-cement ratio, but that after the onset of corrosion the water-cement ratio had 
only a negligible influence.  
All these studies as mentioned above only investigated the effect of water-cement ratio on the 
magnitude of macrocell current, did not focus on the possible influence of water-cement ratio on the 
macrocell polarization ratio of cathode and anode. When macrocell corrosion was existence, the 
cathode was cathodically polarized to a lower potential while the anode was anodically polarized to 
a higher potential. So whether the polarization ratios of cathode and anode were controlled by 
water-cement ratio attracts the interests of the authors and up to now, no literature gives the answer. 
Another consideration was that although these studies confirmed the positive role of lower 
water-cement ratio in reducing the macrocell current flowing between cathode and anode, they did 
not present the potential difference between cathode and anode which also could be affected by the 
water-cement ratio. The relationship between macrocell current density and potential difference of 
steels in concrete with various water-cement ratios was not well understood. 
So in this study, firstly, the relationships between macrocell current density and potential 
difference of steels in mortars with various water-cement ratios will be analyzed. Secondly, the 
influence of water-cement ratios on the macrocell polarization ratio and macrocell polarization 
slopes of cathode and anode will be investigated, and then the mechanism of macrocell corrosion 
affected by water-cement ratios will be explained. Finally, the relationships between macrocell 
current density and micro-cell current density of steels in mortars with various water-cement ratios 
will be presented. 
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7.2 Experimental 
Plain round mild steel bars 19mm in diameter and 180mm in length were used in the 
experiment. The chemical composition of the steel was (wt %): 0.146C%, 0.223Si%, 0.521Mn%, 
0.019P%, 0.010S% and balance Fe. At one end of the steel bar, lead wire was fixed to the steel by 
screw and the connection area was sealed by PS resin. In order to prevent any atmospheric 
corrosion and enhance the reliability and accuracy of measurement, the two bare ends with 40mm in 
length of the steel were firstly coated with PS resin and then were coated with epoxy resin. The 
exposed area of the steel was 59.7cm2. The surface of the exposed area was polished by sandpaper 
No.180 and cleaned with acetone just prior to being placed in the mold so as to ensure the accurate 
experiment results as much as possible.  
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Fig.7.1. Schematic illustration of specimens used in this study (Unit: mm) 
 
The corrosion behaviors of steel bars were investigated in cement mortar blocks with a 
dimension of 80×80×160mm. Each mortar block as shown in Fig.7.1 contained a centrally located 
steel bar and four uniformly distributed small holes which were 6mm in diameter and 8mm in 
distance away from the central steel. For each small hole, polypropylene pipe with 6mm in outer 
diameter and 5.8mm in inner diameter was inserted in the hole and bended upward into 90-degree 
angle. In this paper, the small holes were empty and not filled by water or nitrite solutions.  
 
Table 7-1 Mix proportion of mortars used in this study 
W/C Water (kg/m3) 
Cement 
(kg/m3) 
Sand 
(kg/m3) 
Air  
(%) 
Chloride 
(wt% of cement) 
0.70 228 325 1624 4% 0% 
0.70 228 325 1624 4% 3% 
0.60 277 462 1385 4% 0% 
0.60 277 462 1385 4% 3% 
0.45 224 497 1492 4% 0% 
0.45 224 497 1492 4% 3% 
Note: In this table, the steel with polished surface was marked as P. The w/c ratio of specimen was 
marked as 45, 60 and 70. The chloride content of specimen was marked as 0 and 3. The serial 
number of specimens was marked as 1, 2 and 3. For example of P45-0-1, P means the steel had 
polished surface, 45 means the w/c ratio of specimen was 0.45, 0 means the chloride content of 
specimen was 0 wt% of cement, 1 means the serial number of specimens was 1. 
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Table 7-2 Case design for the effect of water-cement ratio 
Case No A-Side B-Side Case No A-Side B-Side 
9-1 P45-0-1 P45-3-1 9-2 P45-0-2 P45-3-2 
10-1 P60-0-1 P60-3-1 10-2 P60-0-3 P60-3-2 
11-1 P70-0-1 P70-3-1 11-2 P70-0-2 P70-3-2 
Note: steel surface condition-w/c ratio-chloride content-specimen number 
The mix proportion of mortar used in this study was presented in Table 7-1. Ordinary Portland 
cement that met the specification requirements of JIS R5210 and had a density of 3.15g/cm3 was 
used. Sea sand that passed through JIS A 1102 sieve No.4 (4.75 mm-opening) and washed by tap 
water was selected as the fine aggregate. Its density and water absorption were 2.58g/cm3 and 
1.53%, respectively. For some specimens, chloride ions (3 wt% of cement) were added into the 
cement mortar at the time of casting as NaCl dissolved in the mix water. It should be emphasized 
here that in the real uncontaminated reinforced concrete structures, it takes time for steel to become 
passive. So the steel was usually in passive state before the presence of chloride ions. The presence 
of chloride ions on the surface of steel was mainly attributed to the penetration of chloride ions 
from the external environment. When chloride ions were directly added into the cement mortar, 
there was no time for the steel to be passivated. Besides this, the directly adding chloride ions into 
the cement mortar also had an influence on the properties of mortar. The reasons for doing this in 
this study were, firstly, to accelerate the corrosion of steel and secondly to produce the same 
chloride content on the steel-concrete interface. All the specimens were allowed to set and harden in 
mold for 1 day before being demolded and then cured for the next two weeks under water. After that, 
they were allowed to dry under laboratory environment for another two weeks, prior to the 
beginning of experiment measurements. 
Table 7-2 gives the cases which results will be presented and analyzed in this study. In order to 
make the steels have the same initial surface condition and reduce the impact of various steel 
surface conditions on the macrocell behaviors of cathode and anode, the polished steels were used 
in both A-side and B-side. The specimens in A-side and B-side had the same water-cement ratio but 
contained different chloride ions for the purpose to form a greater potential difference between 
steels in A-side and B-side and so as to clearly observe the macrocell polarization behaviors of 
cathode and anode. The chloride content in the specimens of A-side was 0 wt% of cement while the 
chloride content in the specimens of B-side was 3 wt% of cement which was much higher than the 
chloride threshold level above that the active corrosion could be occurred.  
2 Weeks 2 Weeks
1st Cycle
A B A B
……24th Cycle
2 Weeks 2 Weeks
2nd Cycle
A B A B
 
Fig.7.2. Experimental process of this study 
The experimental process was shown in Fig.7.2. Firstly the specimens in A-side and B-side 
were disconnected for two weeks and then they were connected for another two weeks. These four 
weeks were defined as one cycle and 24 cycles were carried out in this study. The disconnected 
periods and connected periods lasted two weeks respectively, which was mainly because in the 
disconnected period two weeks were an appropriate time for the recovery and stabilization of steel 
corrosion state and in the connected period two weeks were considered as a suitable time for the 
stabilization of macrocell current and macrocell polarization. The advantages of using two separate 
specimens were that firstly during the disconnected period, the micro-cell behaviors of steel in both 
A-side and B-side did not interfere with each other and secondly during the connected period, the 
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macrocell behaviors of steel in both A-side and B-side were easy to be observed and investigated. 
The specimens in both A-side and B-side were placed in the opposite direction of casting mortar, 
because the formation of voids in the bottom steel-concrete interface was prone to more than that in 
the top half steel-concrete interface as a result of segregation, settlement and bleeding of fresh 
cement mortar.  
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(a)                        (b) 
Fig.7.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0.45 water-cement ratio. (a) Case 9-1, P45-0-1 in 
A-side and P45-3-1 in B-side, (b) case 9-2, P45-0-2 in A-side and P45-3-2 in B-side. 
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(a)                        (b) 
Fig.7.4. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0.60 water-cement ratio. (a) Case 10-1, P60-0-1 in 
A-side and P60-3-1 in B-side, (b) case 10-2, P60-0-3 in A-side and P60-3-2 in B-side. 
 
During the whole process of experiments, half-cell potential (Ecorr) referred to Ag/AgCl 
electrode, resistance of reinforcing steel (unit: Ω) and resistance of concrete (unit: Ω) were 
measured at set intervals by the use of CM-SE1 which was a device for corrosion detection and was 
developed by Nippon Steel Techno Research. Since the current imposed by the device was not 
uniformly distributed on the surface of steel and was greatly affected by the thickness of concrete 
cover and the diameter of reinforcing steel, the polarization resistance of steel (unit: kΩ.cm2) and 
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resistance of concrete (unit: kΩ.cm2) would be a function of concrete cover thickness and steel 
diameter. In this study, they were calculated by the auxiliary software of this device which fully 
considered the influence of concrete cover thickness and steel diameter. Before the measurement, 
water-saturated cotton was placed between the electrode of device and the surface of specimen to 
ensure the good current transmission. Generally, it was essential to wet the specimen surface and 
allow sufficient time for the moisture to penetrate the surface layers to stabilize the potential. ASTM 
C876 standard emphasizes that, if the measured value of half-cell potential changes or fluctuates 
with time, the surface of the concrete should be wetted for at least 5 minutes. Unfortunately, in 
order to make as many measurements as possible in as short a time as possible, this 
recommendation is often ignored. Yet even 5 minutes were found to be insufficient to achieve a 
stable potential. Experiment of Poursaee and Hansson [9], in which the half-cell potential of 
reinforcing steel embedded in a concrete beam was measured every 0.2s for 90 minutes from the 
time of the initial wetting, indicated that it took about 15 minutes for the potential to reach a stable 
value. This time would be dependent on a number of factors, particularly the saturation degree of 
the concrete. In the present experiment, the time taken from wetting the mortar surface to starting 
the measurement was 30 minutes which was enough to ensure the stable of half-cell potential of 
steel. 
In order to distinguish the micro-cell corrosion current density and the macrocell corrosion 
current density and to better understand the relationship between them, the corrosion current density 
of steel in the disconnected periods was defined as the micro-cell corrosion current density of steel 
[10][11][12][13]. It was calculated by the use of Stern-Geary equation: icorr-mi = B/Rp, where Rp 
was the polarization resistance of steel and B was a constant which varied with the expression that 
B = βaβc/(2.3(βa+βc)), where βa and βc were the anodic and cathodic Tafel slopes obtained from 
the anodic and cathodic polarization curves of steel, respectively. 
In the connected periods of each cycle, the macrocell current flowing between A-side and 
B-side was measured by zero resistance ammeters (ZRA). The macrocell corrosion current density 
of steel was calculated by the equation: icorr-ma = Ima/Aa, where Ima was the macrocell current (unit: 
μA) and Aa (unit: cm2) was the surface area of steel acted as anode specimen. The anode specimen 
was defined as the specimen that produced electrons and could be judged from the direction of 
current flow. The direct measurement of macrocell current had been used effectively by some 
researchers. It had the advantage that the current measured was that naturally flowing and did not 
result from the perturbation of the system. Its main disadvantage was that the current flowing within 
either of the two electrodes was not included and thus the measured macrocell current might be less 
than the true corrosion current. For some conditions, this effect could be significant, notably when 
the resistance of the concrete or mortar was too high to support the macrocell activity. For this 
reason, the specimens in A-side and B-side were partially immersed in water to enhance the 
electro-conductivity of mortar.  
In the disconnected period of 2nd and 20th cycle, anodic/cathodic polarization curves of 
reinforcing steel in both A-side and B-side for each case given in Table 7-2 were carried out by 
potentiostat. The reference electrode used here was Ag/AgCl Electrode and the counter electrode 
stainless steel. Prior to the polarization measurement, the Ecorr of steel had reached a constant value. 
The cathodic polarization was done firstly, which started from Ecorr toward the negative direction 
with the interval of -25mV (at the scan rate of 1mV/s). After the potential was set, 30 seconds were 
necessary to wait before writing down the current value. After finishing cathodic polarization curve, 
the specimen was put black to its original location. One day was necessary for the recovery of Ecorr. 
And after that, the anodic polarization was started from Ecorr toward the positive direction with the 
interval of 25mV (at the speed of 1mV/s). After setting the potential, 30 seconds were necessary to 
wait before writing down the current value. Some changes might occur on the surface of steel after 
the cathodic polarization, but after the recovery of Ecorr, they were not enough to affect the further 
polarization of anodic [14]. Generally, a potential scans greater than ±(50 to 100) mV about Ecorr is 
Kyushu Institute of Technology 
155 
required to reach the potential at which the anode Tafel or cathode Tafel behavior dominates and 
linear polarization is expected [15]. Tafel slope βa and βc in this study were calculated by using the 
data that obtained between Ecorr±75 and Ecorr±300. 
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Fig.7.5. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistivity of mortars for cases with 0.70 water-cement ratio. (a) Case 11-1, P70-0-1 in 
A-side and P70-3-1 in B-side, (b) case 11-2, P70-0-3 in A-side and P70-3-2 in B-side. 
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7.3 Results and discussion 
7.3. 1 Time evolution curves of Ecorr and icorr 
The time evolution curves of half-cell potential (Ecorr), micro-cell current density, macrocell 
current density of steels and the resistivity of mortars for the cases designed in Table 7-2 were 
shown in Fig.7.3, Fig.7.4 and Fig.7.5, respectively. As could be seen from these figures, in the 
disconnected periods, the half-cell potential of steels in A-side were much higher than -230mV, and 
some of them were even higher than -80mV, while the half-cell potential of steels in B-side were 
much lower than -230mV. Based on the ASTM C876 standard, corrosion probability of the steels in 
A-side were in the state of uncertainly or in the state of passivation with a possibility of 90% and 
the corrosion probability of steels in B-side were in the state of active corrosion with a possibility of 
90%. Seen from the micro-cell current density in the disconnected periods, the micro-cell current 
density of steels in A-side were much lower than 0.1μA/cm2 and about one order of magnitude 
lower than that of steels in B-side. So the steels in A-side acted as cathode while the steels in B-side 
acted as anode. 
When the steel in A-side was connected with the steel in B-side, duo to the electrochemical 
driving force in terms of potential difference, the steel in A-side was cathodically polarized to a 
lower potential while the steel in B-side was anodically polarized to a higher potential, the electrons 
released by steel in B-side was transferred to and consumed by the steel in A-side, which led to the 
flowing of current from the steel in A-side to the steel in B-side. The macrocell current not only 
accelerated the corrosion rate of steel in B-side but also provided cathodic protection on the steel in 
A-side. 
Seen from these figures, the time-variant characteristics of half-cell potential, micro-cell 
current density, macrocell current density of steels and the resistivity of mortars could be observed. 
With the increasing of time, the half-cell potential of steels showed a complex cyclical fluctuation, 
while the micro-cell current density and macrocell current density of steels shown a decrease trend, 
and the resistivity of mortars had an increasing trend duo to the further hydration of cement. The 
variation of half-cell potential, micro-cell current density, macrocell current density with time might 
be the result of the comprehensive effect of various kinds of factors such as temperature, moisture 
content of mortars, the diffusion of oxygen, the change of resistivity of cement mortar and the 
change of microstructure of the interfacial transition zone between steel and cement mortar.  
 
7.3.2 Effect of water-cement ratios on the relationships between ΔEcorr and macrocell current 
density 
The potential difference between anodic and cathodic was one of the important factors to affect 
the macrocell current. So in order to better understand the effect of water-cement ratios on the 
macrocell current, the relationship between potential difference and the macrocell current density 
would be investigated. The definition of potential difference was given in Fig.7.6. The ΔEcorr 1 was 
defined as the potential difference between steel in A-side and steel in B-side during the 
disconnected periods, and ΔEcorr 4 was the potential difference between steel in A-side and steel 
B-side during the connected periods. While ΔEcorr 2 was the potential difference of steel in A-side 
during the disconnected periods and connected periods, and ΔEcorr 3 was the potential difference of 
steel in B-side during the disconnected periods and connected periods. The influence of 
water-cement ratios on the relationships between ΔEcorr i (i=1,2,3) and the macrocell current density 
was presented in Fig.7.7.  
It could be seen from Fig.7.7-a, that the macrocell current density was a function of ΔEcorr 1 
and increased with the increasing of ΔEcorr 1. The relationship between the macrocell current density 
and ΔEcorr 1 was similar to the anodic polarization curve of anodic steel. The influence of 
water-cement ratios on the relationships between the macrocell current density and ΔEcorr 1 could be 
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observed from the experimental results. For the given ΔEcorr 1, the macrocell current density that 
formed in the cases with different water-cement ratios varied in a very wide range and parts of them 
overlapped each other. Seen from the overlapping regions that ΔEcorr 1 ranged from 350~450mV, 
the macrocell current densities that formed in the cases with water-cement ratios of 0.7 were 
relatively higher than that formed in the cases with water-cement ratios of 0.6. Although these data 
overlapped each other in some extent, they were still be distinguished and therefore provided a 
support on the conclusion that the lower water-cement ratio played a role in reducing the macrocell 
current compared to the higher water-cement ratio in the condition of the same macrocell potential 
difference. Another finding was that the ranges of ΔEcorr 1 for the cases with water-cement ratios of 
0.45, 0.6 and 0.7 were 80~630mV, 120~650mV and 300~600mV, respectively. The macrocell 
potential difference (ΔEcorr 1) decreased with the decreasing of water-cement ratios. So another 
mechanism of lower water-cement ratios to inhibit the macrocell current was that the lower 
water-cement ratios could decrease the macrocell potential difference (ΔEcorr 1) and resulted in the 
decreasing of macrocell current.  
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Fig.7.6. Definition of potential difference of macrocell corrosion. 
 
Fig.7.7-b shows the influence of water-cement ratios on the relationship between macrocell 
current density and ΔEcorr 2 that represented the macrocell polarization degree of cathode. It could 
be found that the macrocell current density increased with the increasing of ΔEcorr 2. For the given 
ΔEcorr 2, the macrocell current density consumed by the cathodic steels embedded in mortars with 
different water-cement ratios varied in a wide range and parts of them overlapped each other. Seen 
from the overlapping regions that ΔEcorr 2 ranged from 240~320mV, the macrocell current densities 
consumed by the cathodic steels embedded in mortars with water-cement ratios of 0.6 were 
relatively lower than that in mortars with water-cement ratios of 0.7 and relatively higher than that 
in mortars with water-cement ratio of 0.45. The lower macrocell current density consumed by steel 
embedded in mortars with lower water-cement ratio indicated that lower water-cement ratio had an 
ability to inhibit the cathodic reaction and therefore could inhibit the macrocell corrosion. Another 
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finding was that the ranges of ΔEcorr 2 for the cases with water-cement ratios of 0.45, 0.6 and 0.7 
were 30~450mV, 50~540mV and 200~370mV, respectively. The macrocell potential difference 
(ΔEcorr 2) of cathode decreased with the decreasing of water-cement ratios. So another mechanism 
of lower water-cement ratios to inhibit the macrocell current was that the lower water-cement ratios 
could decrease the macrocell potential difference (ΔEcorr 2) of cathode and resulted in the 
decreasing of macrocell current.  
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Fig.7.7. Effect of water-cement ratio on the (a) relationships between ΔEcorr 1 and macrocell current 
density, (b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships between 
ΔEcorr 3 and macrocell current density. 
 
Fig.7.7-c describes the influence of water-cement ratios on the relationship between macrocell 
current density and ΔEcorr 3 that represented the macrocell polarization degree of anode. It also 
could be found that the macrocell current density produced by anodic steel was a function of ΔEcorr 
3 and increased with the increasing of ΔEcorr 3. A small macrocell potential difference of anodic 
steel could lead to the significantly increase of macrocell current, which was similar to the anodic 
polarization behavior of anodic steel in the disconnected periods. When ΔEcorr 3 ranged from 
1~100mV, the magnitudes of macrocell current density for the cases with water-cement ratios of 
0.45, 0.6 and 0.7 were in the range of 0.0004~0.1454, 0.0035~0.3101 and 0.0193~0.8531 μA/cm2, 
respectively. So the lower water-cement ratios could decrease the kinetics of anodic reactions and 
thus led to the decreasing of macrocell current.  
For the same ΔEcorr 3, the macrocell current density distributed in a very wide range changed 
from the magnitude of 10-3 μA/cm2 to the magnitude of 10-1 μA/cm2. The large scatter of measured 
macrocell current density for the given macrocell potential difference indicated that the macrocell 
anodic potential difference (ΔEcorr 3) was not the only factor influencing the macrocell current, 
other factors such as temperature, moisture content of mortar, the supply of oxygen and the kinetics 
of anodic and cathodic reaction might also have an influence on the magnitude of macrocell current. 
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Fig.7.8. Relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4). (a) water-cement ratio = 0.45, (b) 
water-cement ratio = 0.6, (c) water-cement ratio=0.7. 
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Fig.7.9. Effect of water-cement ratios on the macrocell polarization ratios of cathode, anode and 
mortar. 
 
7.3.3 Effect of water-cement ratios on the macrocell polarization ratios of cathode and anode 
In the macrocell corrosion state, it was important to know the relative contributions from the 
resistance of mortar and the polarization of the steels, as described by ΔEcorr 1 = ΔEcorr 2 + ΔEcorr 3 + 
ΔEcorr 4, which had been graphically illustrated in the front part. In order to obtain the relative 
contributions of ΔEcorr i (i=2,3,4) on ΔEcorr 1 for the cases with various water-cement ratios, the 
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relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) were plotted in Fig.7.8, and were fitted by the 
linear function. The slopes of the lines were defined as the macrocell polarization ratio of steel 
acted as cathode in A-side, the macrocell polarization ratio of steel acted as anode in B-side and the 
macrocell polarization ratio of mortar resistance, respectively.  
The influence of water-cement ratios on the macrocell polarization ratio of cathodic steels, the 
macrocell polarization ratio of anodic steels and the macrocell polarization ratio of mortar 
resistance were summarized in Fig.7.9. It could be found that the water-cement ratios had little 
influence on the macrocell polarization ratios of cathode, anode and mortar resistance. For the cases 
with water-cement ratios of 0.45, 0.6 and 0.7, the macrocell polarization ratio of cathodic steels 
were 70%, 69.6% and 66.4% respectively, the macrocell polarization ratio of anodic steels were 
19.4%, 19.3% and 18.0% respectively, the macrocell polarization ratio of mortars resistance were 
10.9%, 13.4% and 15.9% respectively. The macrocell polarization ratios of cathode were three 
times higher than that of anode, which indicated that the macrocell corrosion in this study was 
controlled by the cathodic reaction of cathode.  
 
7.3.4 Relationship between macrocell polarization and anodic/cathodic polarization curves 
The relationships between macrocell polarization curves and anodic/cathodic polarization 
curves for cases with water-cement ratio of 0.45, 0.6 or 0.7 in the 2nd cycle and 20th cycle were 
plotted in Fig.7.10. The 2nd cycle was considered as the corrosion propagation stage that the active 
corrosion was occurring on the steels in B-side and the corrosion products gradually accumulated 
on the surface of steel and filled the micro-voids and macro-voids of interfacial transition zone. In 
this stage, the diffusion of oxygen and the transportation of moisture were little affected by the 
loose rust layer. The 20th cycle was considered as the corrosion steady stage in which the porous 
interfacial transition zone had transformed into dense corrosion layer composed of cement mortar 
and rust products duo to the expansion of the rust products. In this stage, duo to the existence of the 
dense rust layer, the transportation of oxygen and moisture was gradually retarded, the rate of the 
electrochemical reaction was inhibited and the corrosion rate decreased to a certain level, the 
equilibrium between rates of consuming and transporting oxygen and moisture was built and the 
corrosion rate tended to be steady. So investigating the relationships between macrocell polarization 
and anodic/cathodic polarization curves in these two stages would be helpful to understand the 
mechanism of macrocell corrosion and micro-cell corrosion. 
In the disconnected periods, the corrosion potential and corrosion current density of steels in 
A-side (filled circle) and B-side (filled triangle) were considered as the intersect point of anodic 
polarization curve and cathodic polarization curve of steels in A-side (blue-thin lines for the 2nd 
cycle and wine-thin lines for the 20th cycle) and B-side (red-thin lines for the 2nd cycle and 
pink-thin lines for the 20th cycle). When the steel in A-side was connected with that in B-side, duo 
to the electrochemical driving force, the steel in A-side was polarized cathodically to a lower 
potential point marked as hollow circle while the steels in B-side were polarized anodically to a 
higher potential point marked as hollow triangle, and ohmic potential drop existed between the 
steels in A-side and B-side. The newly developed polarization caused the transfer of electrons from 
the steel in B-side to the steel in A-side and therefore led to the flowing of macrocell current from 
the steel in A-side to the steel in B-side. Since the surface area of steel in A-side was equal to that in 
B-side, macrocell current densities on steel in A-side and steel in B-side had the same value but 
opposite signs. The blue-thick line (or wine-thick line) from the filled circle point to the hollow 
circle point was defined as the macrocell polarization curve of cathodic steel (A-side) in the 2nd 
cycle (or 20th cycle), while the red-thick line (or pink-thick line) from the filled triangle point to the 
hollow triangle point was defined as the macrocell polarization curve of anodic steel (B-side) in the 
2nd cycle (or 20th cycle). Theoretically, the macrocell polarization of steel in the connected period 
was the result of the further polarization of steel in the disconnected period duo to the macrocell 
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potential difference. This macrocell potential difference imposed a negative over-potential on the 
steel of A-side and a positive over-potential on the steel of B-side and therefore led to the 
polarization of steels and the generation of current. Duo to the same principle of polarization, a 
relationship between the macrocell polarization and anodic/cathodic polarization curves of steels 
might exist.  
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Fig.7.10. Relationship between macrocell polarization curves and anodic/cathodic polarization 
curves. (a) Case 9-1, P45-0-1 in A-side and P45-3-1 in B-side, (b) case 9-2, P45-0-3 in A-side and 
P45-3-2 in B-side, (c) Case 10-1, P60-0-1 in A-side and P60-3-1 in B-side, (d) case 10-2, P60-0-3 in 
A-side and P60-3-2 in B-side, (e) Case 11-1, P70-0-1 in A-side and P70-3-1 in B-side, (f) case 11-2, 
P70-0-3 in A-side and P70-3-2 in B-side. 
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It could be found that, except the case 9-2 shown in Fig.7.10, for other cases the macrocell 
polarization curve of steel that acted as cathode in A-side was well consistent with its cathodic 
polarization curves while the macrocell polarization curve of steel that acted as anode in B-side 
followed the same trend with its anodic polarization curve. In theory, the macrocell current that 
induced by the macrocell polarization potential (such as ΔEcorr 2 or ΔEcorr 3 ) should be equal to the 
cathodic or anodic polarization current that induced by the same over-potential imposed by the 
potentiostat. Seen from the experimental results shown in Fig.7.10, most of the hollow circle points 
showing the macrocell corrosion state of steels in A-side were very close to the cathodic 
polarization curves of steels in A-side, while most of the hollow triangle points showing the 
macrocell corrosion state of steels in B-side were close to the anodic polarization curves of steels in 
B-side. This was in agreement with the macrocell corrosion model proposed by Maruya et al [12] 
and Pergola et al [16] and confirmed the feasibility of using cathodic/anodic polarization curves to 
predict the macrocell corrosion and polarization. 
The difference of the macrocell current induced by the macrocell polarization potential (such 
as ΔEcorr 2 or ΔEcorr 3 ) with the cathodic or anodic polarization current induced by the same 
over-potential imposed by the potentiostat could be explained from two aspects: the accuracy of 
anodic/cathodic polarization curve and the factors influencing macrocell current density. From the 
view point of the accuracy of anodic/cathodic polarization curve, the anodic/cathodic polarization 
curve was greatly affected by the scan rate [17] and the waiting time. If the scan rate was too rapid 
and the waiting time was too short, the result might not be representative of the system under the 
test. On the other hand, if the scan rate was too slow and the waiting time was too long, the system 
might change during the measurement. So the appropriate scan rate and the suitable waiting time 
were necessary to obtain the relatively accurate anodic and cathodic polarization curve. The 
appropriate scan rate and the suitable waiting time would be different due to the moisture content of 
mortar and the surface conditions of steel, and therefore should be further investigated in the next 
stage. From another point of view, the macrocell current density shown in Fig.7.10 could be 
affected by various factors, but one consideration should be given to the reasonability of the 
calculation of macrocell current density referred to the total surface area of steels in B-side. The 
steel in B-side was embedded in mortar containing 3% chloride (wt% of cement) and acted as anode. 
This anode had both anodic and cathodic areas operating simultaneously in order to maintain the 
corrosion reaction. When this anode or corroded steel in B-side was connected to the cathode or 
passive steel in A-side, really what was happening was an extension of the cathodic areas which 
induced a decrease of the cathodic areas previously operating in the anode [18]. And this 
redistribution of the area ratio of cathode to anode was greatly influenced by the oxygen 
concentration that varied with the moisture content of mortar [19]. Therefore, the corroded steel in 
B-side was not usually a pure anode and had some cathodic areas still operating on its surface. 
These cathodic areas might be almost completely suppressed when the anode was effectively 
deareated or when the area ratio of cathode to anode was very high [18][20]. Only in this situation, 
the macrocell current density flowing between steel in A-side and steel in B-side would approach or 
equate the dissolution rate of steel in B-side. 
 
7.3.5 Effect of water-cement ratios on the macrocell polarization slopes of cathode and anode 
The macrocell polarization slope of cathode (anode) had been defined in the macrocell 
corrosion model proposed by Maruya et al [21] as shown in Fig.7.11. The macrocell polarization 
slope and angle of cathode was marked as βma-c and θc, while the macrocell polarization slope and 
angle of anode was marked as βma-a and θa. The βma-c or βma-a could be calculated by the two points 
that represented the corrosion state of cathodic or anodic steel in micro-cell corrosion state ((imi-c, 
Emi-c) or (imi-a, Emi-a)) and macrocell corrosion state ((ima, Ema-c) or (ima, Ema-a)). The value of the 
point that represented the corrosion state of cathodic (anodic) steel in micro-cell corrosion state was 
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obtained by averaging the half-cell potential and the micro-cell current density obtained in the 
disconnected periods, while the value of another point that represented the corrosion state of 
cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the half-cell potential 
and the macrocell current density obtained in the connected periods.  
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Fig.7.11 Definition of macrocell polarization slope of cathode and anode [21] 
The macrocell polarization slopes of cathode (βma-c) and anode (βma-a) could reflect the 
polarization ability of cathode and anode in the macrocell corrosion state. The higher the βma-c was, 
the stronger the ability of cathode to consume the electrons, which means the lower was macrocell 
polarization resistance of cathode. The lower the βma-a was, the stronger the ability of anode to 
produce the electrons, which means the lower was macrocell polarization resistance of anode. 
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Fig.7.12. Effect of water/cement ratios on the macrocell polarization slopes of cathode and anode. 
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For the cases with various water/cement ratios, the average values and the standard deviation 
of macrocell slopes of cathode and anode (βma-c and βma-a) were analyzed statistically based on 
the data obtained from the 1st cycle to the 24th cycle. The results were presented in Fig.12. For the 
cases with water/cement ratio of 0.45, 0.6 to 0.7, the average value of βma-c was -220, -208 to -174 
mV/dec, respectively, while the average value of βma-a was 244, 116 to 105 mV/dec, respectively. 
Seen from these results, it could be confirmed that the lower water/cement ratio could decrease the 
macrocell slope of cathode (βma-c) and increase the macrocell slope of anode (βma-a). This means 
that, in the macrocell corrosion state, the lower water/cement ratio could not only increase the 
macrocell polarization resistance of cathode but also increase the macrocell polarization resistance 
of anode.  
In order to better understand the effect of water/cement ratios on the macrocell polarization 
slopes of cathode and anode, the macrocell polarization angles of cathode (θc) and anode (θa) were 
used instead of the βma-c and βma-a. Duo to the relationships that βma-c=-tan(θc) and βma-a=tan(θa) as 
shown in Fig.7.11, the macrocell polarization angle of cathode (θc) and anode (θa) could be 
obtained. Theoretically, the higher the θc was, the lower the ability of cathode to consume the 
electrons, which means the higher was macrocell polarization resistance of cathode. The higher the 
θa was, the lower the ability of anode to produce the electrons, which means the higher was 
macrocell polarization resistance of anode. 
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Fig.7.13. Effect of water/cement ratios on the macrocell polarization angles of cathode and anode. 
 
The effect of water/cement ratios on the macrocell polarization angles of cathode (θc) and 
anode (θa) were described in Fig.7.13. The data presented in this figure were all same to that given 
in Fig.7.12, which were just expressed in a different way to better understand the influence of 
water/cement ratios on the polarization resistance of cathode and anode in the macrocell state. For 
the cases with water/cement ratio of 0.45, 0.6 to 0.7, the average values of θc were 89.74, 89.72 to 
89.67 degrees, respectively, while the average values of θa were 89.77, 89.51 to 89.45 degrees, 
respectively. Based on these data, it could be found that the lower water/cement ratio could not only 
increase the macrocell cathode of cathode (θc) and increase the macrocell angle of anode (θa). This 
means that, in the macrocell corrosion state, the lower water/cement ratio could not only increase 
the macrocell polarization resistance of cathode (the ability of cathode to consume the electrons was 
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decreased) but also increase the macrocell polarization resistance of anode (the ability of anode to 
produce the electrons was also decreased). 
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Fig.7.14. Mechanism of macrocell corrosion affected by water-cement ratios. 
 
7.3.6 Mechanism for water-cement ratios to affect the macrocell corrosion 
Based on the above analysis, the mechanism for the lower water-cement ratio to decrease the 
macrocell current density was graphically illustrated in Fig.7.14. Because the potential difference 
(ΔEcorr 1) between anode and cathode had a significantly influence on the macrocell corrosion, the 
mechanism presented here was mainly based on the condition that the potential differences (ΔEcorr 
1) were the same for all analyzed cases. The black lines and black points represented the macrocell 
polarization curves of cathode and anode in mortar with high water-cement ratio. The macrocell 
slopes of cathode and anode were marked as βma-c-HWC and βma-a-HWC, respectively, and the macrocell 
current density was marked as ima-HWC. With the decreasing of water-cement ratio, the kinetics of 
cathodic and anodic reactions was weaken, the macrocell slope of cathode decreased from βma-c-HWC 
to βma-c-LWC while the macrocell slope of anode increased from βma-a-HWC to βma-a-LWC, which resulted 
in the decrease of macrocell current density from ima-HWC to ima-LWC. 
 
7.3.7 Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation 
In the real reinforced concrete structures, macrocell current density (icorr-ma) flowing between 
the actively corroding steel and the steel which was passive or had a lower corrosion rate usually 
can not be measured directly duo to the continuity and integrity of steel, and the corrosion current 
density calculated by the Stern-Geary equation (icorr-SG) was widely used as the parameter to 
quantitatively evaluate the corrosion rate of steel. Strictly speaking, this corrosion current density 
was not the real dissolution rate of steel, because it did not contain the macrocell current density 
(icorr-ma) flowing from the measured area to other un-measured area. Therefore, in order to better 
evaluate the corrosion rate of steel, it was necessary to investigate the influence of water-cement 
ratios on the relationship between icorr-SG and icorr-ma, and based on this relationship to speculate the 
possible magnitude of macrocell current density. 
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Fig.7.15. Effect of water-cement ratio on the relationship between macrocell current density and 
micro-cell corrosion current density. (a) in the disconnected periods, (b) in the connected periods. 
 
Table 7-3 Effect of W/C ratio on the functional relationship between icorr-ma and icorr-SG 
log(icorr-ma) 
=a*log(icorr-SG)+b 
icorr-SG,in disconnected periods icorr-SG,in connected periods 
a b R2 a b R2 
W/C45 1.3642 0.4317 0.325 1.2198 0.0765 0.2865 
W/C60 0.9463 0.0931 0.4948 0.8772 -0.0733 0.3512 
W/C70 0.6623 0.2016 0.4598 0.684 0.2466 0.4971 
 
In this part, the values of icorr-ma in each cycle were plotted against the values of icorr-SG 
measured at the same cycle for the periods that the steel of A-side was disconnected with the steel 
of B-side in Fig.7.15-a and for the periods that the steel of A-side was connected with the steel of 
B-side in Fig.7.15-b. Seen from these figures, the influence of the value of icorr-SG on the value of 
icorr-ma could be confirmed. The icorr-ma had an increase trend with the increasing of icorr-SG. However, 
for the given icorr-SG, the value of icorr-ma varied in a very wide range. The reasons for this might be 
related to the potential difference (ΔEcorr 1) and the resistivity of mortar.  
From the experimental results, irrespective of the icorr-SG obtained in the disconnected periods 
and connected periods, the effect of water-cement ratios on the relationship between icorr-SG and 
icorr-ma could be observed. Although the data for the cases with water-cement ratio of 0.45 
overlapped, in some extend, with the data for the cases with water-cement ratio of 0.6 and 0.7, they 
were still be distinguished. Seen from the overlapping regions that icorr-SG ranged from 0.003~0.3 
μA/cm2, the macrocell current density for the cases with water-cement ratio of 0.45, 0.6 to 0.7 were 
in the range of 0.0004~0.1455, 0.0036~0.3101 and 0.0192~0.8535 μA/cm2, respectively. The 
macrocell current densities consumed by the cathodic steels embedded in mortars with 
water-cement ratios of 0.6 were lower than that in mortars with water-cement ratios of 0.7 and 
higher than that in mortars with water-cement ratio of 0.45. The lower macrocell current density 
consumed by cathodic steel embedded in mortars with lower water-cement ratio confirmed that 
lower water-cement ratio had an ability to inhibit the cathodic reaction and therefore could inhibit 
the macrocell corrosion. For the cases with water-cement ratio of 0.45, 0.6 to 0.7, the magnitude 
icorr-ma of was about 0.03~3 times, 0.115~13 times and 0.8~29 times higher than that of icorr-SG. The 
ratio of icorr-ma to icorr-SG decreased with the decreasing of water-cement ratios. 
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The relationships between icorr-ma and icorr-SG were fitted by non-linear function and the results 
were given in Table 7-3. It could be found that there was a relationship between log(icorr-ma) and 
log(icorr-SG), which was in the form of log(icorr-ma)=a* log(icorr-SG)+b, where a and b were the 
parameters varied with the water-cement ratios. These relationships provided a theoretical support 
for predicting the possible magnitude of icorr-ma from the value of icorr-SG. It should be noted that the 
relationships obtained in this part were only suitable for the conditions that the cathode areas were 
equal to the anode areas. If the area ratio of cathode to anode was higher or lower than 1, some 
changes on the fitted parameters (a, b) would happen. Further more, other factors influencing the 
value of icorr-ma or icorr-SG might also have an influence on these relationships, which should be 
confirmed in the future work. 
 
7.4 Conclusions 
The water-cement ratios had a significant influence on the magnitude of macrocell current. The 
lower water-cement ratio could effectively inhibit the macrocell current by weakening the kinetics 
of cathodic and anodic reactions and decreasing macrocell potential difference between cathode and 
anode.  
The water-cement ratios had little effect on the macrocell polarization ratios of cathode and 
anode, but impacted the macrocell polarization resistance of cathodic and anodic steels. The lower 
water-cement ratio could not only increase the macrocell polarization resistance of cathode but also 
increase the macrocell polarization resistance of anode. 
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Chapter 8  
Effect of Moisture Contents  
On the Macrocell Corrosion and Polarization Behavior  
Of Reinforcing Steel 
 
 
 
 
8.1 Introduction 
Steel bars embedded in reinforced concrete structures can be corroded under the effect of 
various environmental actions, such as chloride ions, carbonation and acid attack. However, these 
severe environments can cause corrosion of steel only if enough amounts of oxygen and moisture 
are available in the surface of corroding steel [1][2][3]. The moisture content is the most important 
factor, because it not only has a strong influence on the speed of oxygen transport and the 
concentration of oxygen at the anode-cathode transition zone [4] but also has a great influence on 
the resistivity of concrete [5], and therefore has an influence on the corrosion rate of steel. So it is 
very necessary to understand the effect of moisture (which usually can be defined as degree of pore 
saturation) on the micro-cell corrosion and macrocell corrosion of steel in concrete or mortar. 
According to the available literatures, the study of Raupach [6] indicated that the diffusion of 
oxygen was a significant limiting factor for the corrosion rate only when the concrete around the 
steel was water saturated and most of the oxygen within the concrete near the steel surface had been 
consumed by the cathodic reaction of the corrosion process. As a consequence, the corrosion rate 
was influenced by oxygen diffusion only through the concrete cover in structures which were 
submerged or exposed to long-term or cyclic water application that caused water saturation of the 
concrete for periods of several weeks. In the case of common outdoor structures being exposed to 
rain and not submerged or constantly water saturated duo to other reasons, no reduction of the 
corrosion induced by limited oxygen diffusion was therefore to be expected. Similar results could 
be found in the studies of Hussain et al [1][2][3]. A high relative humidity could limit the amount of 
oxygen by blocking the pores of concrete with moisture and reducing the connectivity required for 
transfer of gaseous oxygen from the environment to the steel surface [3]. The study of Lopez and 
Gonzalez [7][8] pointed out that there was a critical practical PS (pore saturation) value that 
resulted in a mortar resistivity of 100 kΩ.cm, below which corrosion rate were too small to pose any 
durability problems. Below this practical limit value, the resistivity of the mortar prevented active 
state corrosion of steels as effectively as passivating layers of steel in mortars without chloride ions. 
Another study by Sagüés et al [9] indicated that when the columns were dry or partially moist, the 
cathodic reaction in the upper portions of the columns was primarily under activation polarization, 
while under full wetting nearly complete diffusional control took place. In addition, Song and Liu 
[10] reported that there was a clear relationship between the degree of pore saturation and the 
cathode-to-anode area ratio. It was proposed that the supplement of oxygen influenced the 
probabilities of a certain unit steel surface area serving as cathodic or anodic area, and hence 
decided the cathode-to-anode area ratio.  
As mentioned above, some work had been done in the last decades to investigate the effect of 
Kyushu Institute of Technology 
170 
moisture content on the corrosion behaviors of reinforcing steel, but they mainly focused on the 
effect of moisture on the corrosion potential and corrosion current of steel, did not give an attention 
to the influence of moisture on the macrocell polarization behaviors of cathode and anode. In 
addition, the mechanism of macrocell corrosion affected by moisture was not clear. 
So in this part, firstly, the relationships between macrocell current density and potential 
difference of steels embedded in mortars with various moisture contents will be analyzed. Secondly, 
the influence of moisture on the macrocell polarization ratios and macrocell polarization slopes 
(angles) of cathode and anode will be investigated, and then the mechanism of macrocell corrosion 
affected by moisture will be explained. Finally, the relationships between macrocell current density 
and micro-cell current density of steels embedded in mortars with various moisture contents will be 
presented. 
 
8.2 Experimental 
Plain round mild steel bars 19mm in diameter and 180mm in length were used in the 
experiment. The chemical composition of the steel was (wt %): 0.146C%, 0.223Si%, 0.521Mn%, 
0.019P%, 0.010S% and balance Fe. At one end of the steel bar, lead wire was fixed to the steel by 
screw and the connection area was sealed by PS resin. In order to prevent any atmospheric 
corrosion and enhance the reliability and accuracy of measurement, the two bare ends with 40mm in 
length of the steel were firstly coated with PS resin and then were coated with epoxy resin. The 
exposed area of the steel was 59.7cm2. The surface of the exposed area was polished by sandpaper 
No.180 and cleaned with acetone just prior to being placed in the mold so as to ensure the accurate 
experiment results as much as possible. 
The corrosion behaviors of steel bars were investigated in cement mortar blocks with a 
dimension of 80×80×160mm. Each mortar block as shown in Fig.8.1 contained a centrally located 
steel bar and four uniformly distributed small holes which were 6mm in diameter and 8mm in 
distance away from the central steel. For each small hole, polypropylene pipe with 6mm in outer 
diameter and 5.8mm in inner diameter was inserted in the hole and bended upward into 90-degree 
angle. The injection of nitrite ions into the four small holes can increase the moisture content of 
mortar around steel. The change of half-cell potential and micro-cell and macrocell corrosion 
current density resulted from the increase of moisture can give an intuitive understanding of 
corrosion mechanisms affected by moisture content. 
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Fig.8.1. Schematic illustration of specimens used in this study (Unit: mm) 
For each cement mortar specimen, the mix proportion of water/cement/sand was 0.7:1:5. 
Ordinary Portland cement that met the specification requirements of JIS R5210 and had a density of 
3.15g/cm3 was used. Sea sand that passed through JIS A 1102 sieve No.4 (4.75 mm-opening) and 
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washed by tap water was selected as the fine aggregate. Its density and water absorption were 
2.58g/cm3 and 1.53%, respectively. For some specimens, chloride ions were added into the cement 
mortar at the time of casting as NaCl dissolved in the mix water. Although the directly mixing 
chloride ions into the cement mortar made the steel didn’t have time to passivate before 
encountering chlorides, and had a influence on the properties of mortar, the reasons for doing this in 
our study were to accelerate the corrosion of steel. All the specimens were allowed to set and harden 
in mold for 1 day before being demolded and then cured for the next two weeks under water. After 
that, they were allowed to dry under laboratory environment for another two weeks, prior to the 
beginning of experiment measurements. 
Table 8-1 gives the cases which results will be presented and analyzed in this part. The 
polished steels were used in both A-side and B-side. In order to investigate the effect of moisture on 
the macrocell polarization behaviors of cathodic and anodic steels, case 16, case 17 and case 18 
were selected. For case 16, the chloride contents in the specimens of A-side and B-side were 0 wt% 
of cement, which made the steels in both A-side and B-side in passive state. The effect of moisture 
on the macrocell polarization behaviors of steels in passive state was carried out by filling the four 
small holes with water or fully submerging the specimen in water. For case 17 and case 18, the 
chloride contents in the specimens of A-side were 0 wt% of cement while the chloride contents in 
the specimens of B-side were 3 wt% of cement, which made the steels in A-side in passive state and 
the steels in B-side in active corrosion state. The effect of moisture on the macrocell polarization 
behaviors of steels in active corrosion state was also carried out by filling the four small holes with 
water or fully submerging the specimen in water. 
 
Table 8-1 Case design for the effect of underwater condition 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Case 16 P70-0-7 P70-0-8 D D D F F G G G G G H H H H H H H I I I I
Case 17 P70-0-19 P70-3-11 D D D E E E E I I I H H H H H H H G G G G
Case 18 P70-0-20 P70-3-12 D D D F F F F G G G H H H H H H H I I I I
Case No A-side B-side
Cycles
 
 
2 Weeks 2 Weeks
Cycle D
A B A B
2 Weeks 2 Weeks
Cycle G 
A A
B B
2 Weeks 2 Weeks
Cycle H
A B A B
2 Weeks 2 Weeks
Cycle I
A
B
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B
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A B A B
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Fig.8.2. Cycle types in this study 
The experimental process was presented in Table 8-1 and the cycle types were shown in 
Fig.8.2. For case 16, from 1st to 3rd cycle (Cycle D), both specimens in A-side and B-side were 
exposed to the air, from 4th to 5th cycle (Cycle F), four small holes of specimen in B-side were 
filled with water to increase the moisture at the surface of steel in B-side, from 6th to 10th cycle 
(Cycle G), the specimen in B-side was fully submerged in water to obtain the water-saturated state 
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while the specimen in A-side was still exposed to the air, from 11th to 17th cycle (Cycle H), the 
specimen in A-side was fully submerged in water to obtain the water-saturated state, in these 
periods, both the specimens in A-side and B-side were in the water-saturated state. From 18th to 
21st cycle (Cycle I), the specimen in A-side was still fully submerged in water while the specimen 
in B-side was exposed to the air.  
For case 17, from 1st to 3rd cycle (Cycle D), both specimens in A-side and B-side were 
exposed to the air, from 4th to 7th cycle (Cycle E), four small holes of specimen in A-side were 
filled with water to increase the moisture at the surface of steel in A-side, from 8th to 10th cycle 
(Cycle I), the specimen in A-side was fully submerged in water to obtain the water-saturated state 
while the specimen in B-side was still exposed to the air, from 11th to 17th cycle (Cycle H), the 
specimen in B-side was fully submerged in water to obtain the water-saturated state, in these 
periods, both the specimens in A-side and B-side were in the water-saturated state. From 18th to 
21st cycle (Cycle G), the specimen in B-side was still fully submerged in water while the specimen 
in A-side was exposed to the air.  
For case 18, from 1st to 3rd cycle (Cycle D), both specimens in A-side and B-side were 
exposed to the air, from 4th to 7th cycle (Cycle F), four small holes of specimen in B-side were 
filled with water to increase the moisture at the surface of steel in B-side, from 8th to 10th cycle 
(Cycle G), the specimen in B-side was fully submerged in water to obtain the water-saturated state 
while the specimen in A-side was still exposed to the air, from 11th to 17th cycle (Cycle H), the 
specimen in A-side was fully submerged in water to obtain the water-saturated state, in these 
periods, both the specimens in A-side and B-side were in the water-saturated state. From 18th to 
21st cycle (Cycle I), the specimen in A-side was still fully submerged in water while the specimen 
in B-side was exposed to the air.  
The specimens used in this case were same to that used in case 17. The difference between 
case 18 and case 17 was that the cyclic processes of experiment were different for the sake of 
making sure the possible influence of the sequence of moisture change of cathode and anode. In 
case 17, the moisture of cathode (specimen in A-side) was firstly increased by Cycle E and Cycle I 
and then the moisture of anode (specimen in B-side) was increased by Cycle H and Cycle G. After 
the Cycle E and Cycle I, some changes might be occur on the surface of cathodic and anodic steels 
and thus would have an influence on the macrocell corrosion and polarization of cathodic and 
anodic steels in the following Cycle H and Cycle G. In order to clarify this influence and give an 
answer to this problem, case 18 was carried out. In case 18, the moisture of anode (specimen in 
B-side) was firstly increased by Cycle F and Cycle G and then the moisture of cathode (specimen in 
A-side) was increased by Cycle H and Cycle I. 
During the whole process of experiments, half-cell potential (Ecorr) referred to Ag/AgCl 
electrode, resistance of reinforcing steel (unit: Ω) and resistance of concrete (unit: Ω) were 
measured at set intervals by the use of CM-SE1 which was a device for corrosion detection and was 
developed by Nippon Steel Techno Research. Since the current imposed by the device was not 
uniformly distributed on the surface of steel and was greatly affected by the thickness of concrete 
cover and the diameter of reinforcing steel, the polarization resistance of steel (unit: kΩ.cm2) and 
resistance of concrete (unit: kΩ.cm2) would be a function of concrete cover thickness and steel 
diameter. In this study, they were calculated by the auxiliary software of this device which fully 
considered the influence of concrete cover thickness and steel diameter. Before the measurement, 
water-saturated cotton was placed between the electrode of device and the surface of specimen to 
ensure the good current transmission. Generally, it was essential to wet the specimen surface and 
allow sufficient time for the moisture to penetrate the surface layers to stabilize the potential. ASTM 
C876 standard emphasizes that, if the measured value of half-cell potential changes or fluctuates 
with time, the surface of the concrete should be wetted for at least 5 minutes. Unfortunately, in 
order to make as many measurements as possible in as short a time as possible, this 
recommendation is often ignored. Yet even 5 minutes were found to be insufficient to achieve a 
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stable potential. Experiment of Poursaee and Hansson [11], in which the half-cell potential of 
reinforcing steel embedded in a concrete beam was measured every 0.2s for 90 minutes from the 
time of the initial wetting, indicated that it took about 15 minutes for the potential to reach a stable 
value. This time would be dependent on a number of factors, particularly the saturation degree of 
the concrete. In the present experiment, the time taken from wetting the mortar surface to starting 
the measurement was 30 minutes which was enough to ensure the stable of half-cell potential of 
steel. 
In order to distinguish the micro-cell corrosion current density and the macrocell corrosion 
current density and to better understand the relationship between them, the corrosion current density 
of steel in the disconnected periods was defined as the micro-cell corrosion current density of steel 
[12][13][14][15]. It was calculated by the use of Stern-Geary equation: icorr-mi = B/Rp, where Rp 
was the resistance of steel and B was a constant which varied with the expression that B = 
βaβc/(2.3(βa+βc)), where βa and βc were the anodic and cathodic Tafel slopes obtained from the 
anodic and cathodic polarization curves of steel, respectively. 
In the connected periods of each cycle, the macrocell current flowing between A-side and 
B-side was measured by zero resistance ammeters (ZRA). The macrocell corrosion current density 
of steel was calculated by the equation: icorr-ma = Ima/Aa, where Ima was the macrocell current (unit: 
μA) and Aa (unit: cm2) was the surface area of steel acted as anode specimen. The anode specimen 
was defined as the specimen that produced electrons and could be judged from the direction of 
current flow. The direct measurement of macrocell current had been used effectively by some 
researchers. It had the advantage that the current measured was that naturally flowing and did not 
result from the perturbation of the system. Its main disadvantage was that the current flowing within 
either of the two electrodes was not included and thus the measured macrocell current might be less 
than the true corrosion current. For some conditions, this effect could be significant, notably when 
the resistance of the concrete or mortar was too high to support the macrocell activity. For this 
reason, the specimens in A-side and B-side were partially immersed in water to enhance the 
electro-conductivity of mortar. 
 
8.3 Results and discussion 
 
8.3.1 Time evolution curves of Ecorr, icorr 
The time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density of steels and the resistance of mortars for the cases designed in Table 8-1 were shown in 
Fig.8.3.  
For case 16 as shown in Fig.8.3-a, the steels in A-side and B-side were in passive state. The 
increase of moisture by filling the four small holes with water or fully submerging the specimen in 
water for specimen in A-side or B-side was helpful to investigate the effect of moisture on the 
macrocell polarization behaviors of steel in passive state. From 1st to 3rd cycle (Cycle D), both 
specimens in A-side and B-side were exposed to the air. In these periods, there was little difference 
of half-cell potential, micro-cell current density and mortar resistance between specimens in A-side 
and specimens in B-side. The macrocell current density was very low and about 10-5 μA/cm2. From 
4th to 5th cycle (Cycle F), four small holes of specimen in B-side were filled with water. In these 
periods, the resistance of mortar in A-side was about 74 kΩcm2 while the resistance of mortar in 
B-side was about 58 kΩcm2. The increase of moisture at the surface of steel in B-side led to the 
decrease of resistance of mortar in B-side and therefore resulted in the increase of macrocell current 
density. The macrocell current density in these periods was about 5×10-5 μA/cm2 and 5 times higher 
than that in periods with Cycle D. From 6th to 10th cycle (Cycle G), the specimen in B-side was 
fully submerged in water while the specimen in A-side was still exposed to the air. In these periods, 
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the resistance of mortar in A-side was about 70 kΩcm2 while the resistance of mortar in B-side was 
about 20 kΩcm2. The water-saturated state of mortar in B-side led to the great decrease of resistance 
of mortar in B-side and therefore resulted in the great increase of macrocell current density. The 
macrocell current density in these periods was about 3×10-4 μA/cm2 and 30 times higher than that in 
periods with Cycle D. From 11th to 17th cycle (Cycle H), both the specimens in A-side and B-side 
were fully submerged in water. In these periods, the resistance of mortar in A-side was about 24 
kΩcm2 while the resistance of mortar in B-side was about 25 kΩcm2. The water-saturated state of 
mortar in A-side led to the great decrease of resistance of mortar in A-side and therefore made a 
contribution to the further increase of macrocell current density. The macrocell current density in 
these periods was about 4×10-4 μA/cm2, which was even higher than that in periods with Cycle G. 
From 18th to 21st cycle (Cycle I), the specimen in A-side was still fully submerged in water while 
the specimen in B-side was exposed to the air. In these periods, the difference of half-cell potential, 
micro-cell current density and mortar resistance between specimens in A-side and specimens in 
B-side could be observed clearly. The half-cell potential of steel in A-side was about -40 mV while 
the half-cell potential of steel in B-side was about 36 mV, the micro-cell current density of steel in 
A-side was about 3.5×10-3 μA/cm2 while the micro-cell current density of steel in B-side was about 
3.7×10-5 μA/cm2, the resistance of mortar in A-side was about 26 kΩcm2 while the resistance of 
mortar in B-side was about 110 kΩcm2. The steel in A-side acted as anode while the steel in B-side 
acted as cathode. When the steel in A-side was connected with the steel in B-side, the macrocell 
polarization behaviors of cathodic steel and anodic steel could be clearly confirmed. The half-cell 
potential of steel in A-side was polarized to a higher potential while the half-cell potential of steel in 
B-side was polarized to lower potential, and the polarization degree of steel in A-side was greater 
than that of steel in B-side. This was attributed to the adequate supply of oxygen on the surface of 
steel in B-side, which made the kinetics of cathodic reaction of steel in B-side stronger than that of 
steel in A-side. The macrocell current density in Cycle I was about 5×10-4 μA/cm2, which was 
higher than that in periods with Cycle H. Compared with Cycle I, the lower macrocell current 
density in Cycle H was attributed to the weaker kinetics of cathodic reaction limited by oxygen 
content. 
For case 17 as shown in Fig.8.3-b, the steel in A-side was in passive state and acted as cathode 
while the steel in B-side was in active corrosion state and acted as anode. So in the disconnected 
state, it could be found that there was a great difference of half-cell potential, micro-cell current 
density and mortar resistance between specimens in A-side and specimens in B-side. The increase 
of moisture by filling the four small holes with water or fully submerging the specimen in water for 
specimen in A-side or B-side was helpful to investigate the effect of moisture on the macrocell 
polarization behaviors of steel in active corrosion state. From 1st to 3rd cycle (Cycle D), both 
specimens in A-side and B-side were exposed to the air. In these periods, duo to the sufficient 
oxygen to support the redox reactions on the surface of cathodic and anodic steels, the macrocell 
current density was high and about 0.5436μA/cm2 in the 1st cycle and 0.2934μA/cm2 in the 3rd 
cycle. The decrease of macrocell current density was attributed to the increase of mortar resistance.  
From 4th to 7th cycle (Cycle E), four small holes of specimen in A-side were filled with water, 
which increased the moisture of mortar at the surface of steel in A-side and limited the supply of 
oxygen. The cathodic reaction in term of oxygen reduction reaction on the surface of steel in A-side 
was weakened. So when the steel in A-side was connected with the steel in B-side, the ability of 
steel in A-side to consume the electrons produced by steel in B-side was reduced, which resulted in 
the decrease of macrocell current. The macrocell current density in these periods was about 
0.048μA/cm2, which was about 16 percent of that in periods with Cycle D. In the disconnected state, 
the gradually decreasing of half-cell potential of steel in A-side also indicated that the supply of 
oxygen was insufficient at the surface of steel in A-side. From 8th to 10th cycle (Cycle I), the 
specimen in A-side was fully submerged in water while the specimen in B-side was still exposed to 
the air. The water-saturated state of mortar in A-side markedly decreased the oxygen concentration 
Kyushu Institute of Technology 
175 
on the surface of steel in A-side and thus greatly weakened the kinetics of cathodic reaction of 
cathode. So when the steel in A-side was connected with the steel in B-side, the ability of steel in 
A-side to consume the electrons produced by steel in B-side was significantly reduced, which 
resulted in a considerable decrease in macrocell current. The macrocell current density in these 
periods was about 0.0018μA/cm2, which was about 0.61 percent of that in periods with Cycle D. 
From 11th to 17th cycle (Cycle H), both the specimens in A-side and B-side were fully submerged 
in water. The water-saturated state of mortars in A-side and B-side further decreased the oxygen 
concentration on the surface of steels in A-side and B-side and thus further weakened the kinetics of 
cathodic reaction. The ability of steel in A-side to consume the electrons produced by steel in B-side 
was further decreased, which further resulted in a considerable decrease in macrocell current. The 
macrocell current density in these periods was about 0.00048μA/cm2, which was about 0.16 percent 
of that in periods with Cycle D. The macrocell current density for case 17 in Cycle H was almost 
equal to that for case 16 in Cycle H, indicated that if the mortars around the passive cathode and the 
active anode were in water-saturated state, the macrocell current flowing between cathode and 
anode could be inhibited effectively. In these periods (Cycle H in Fig.8.3-b), it also could be 
observed that, when the steel in A-side was connected with the steel in B-side, the polarization 
degree of half-cell potential of steel in B-side was negligible while the half-cell potential of steel in 
A-side was cathodically polarized to a much negative value that was almost equal to the half-cell 
potential of steel in B-side. Duo the depletion and limiting diffusion of oxygen in water-saturated 
mortars, when the steel in A-side was disconnected with the steel in B-side, the half-cell potential of 
steel in A-side recovered slowly and finally stabilized around -300mV which was much lower than 
that (-55mV) in periods with Cycle D. The time taken for the recovery of half-cell potential of steel 
in A-side was more than 14days. The change of half-cell potential of steels in the connected and 
disconnected state confirmed the effect of water-saturated mortars on the oxygen concentration and 
the effect of oxygen concentration on the macrocell polarization of cathode and anode. From 18th to 
21st cycle (Cycle G), the specimen in B-side was still fully submerged in water while the specimen 
in A-side was exposed to the air. In the disconnected state, duo to the decrease of moisture of mortar 
in A-side, the diffusion rate of oxygen in mortar of A-side was increased and the oxygen 
concentration of mortar at the surface of steel in A-side was also greatly increased, which enhanced 
the kinetics of cathodic reaction and therefore promoted the increase of half-cell potential of steel in 
A-side. In the connected state, duo to the stronger oxygen reduction reaction on the surface of steel 
in A-side and the greater macrocell potential difference between steels in A-side and B-side, the 
macrocell current density in Cycle G was increased to 0.37μA/cm2 and was higher than that in 
periods with Cycle D. This indicated that the water-saturated state of mortar at the surface of anodic 
steel could lead to the increase of macrocell current. In other words, the absence of oxygen on the 
surface of anodic steel could not effectively inhibit the macrocell corrosion. In addition, it could be 
seen from the change of half-cell potential of cathodic and anodic steels in the connected state that, 
the water-saturated state of mortar at the surface of anodic steel had an influence on the macrocell 
polarization degree of cathodic and anodic steels. The macrocell polarization degree of cathodic and 
anodic steels would be analyzed and discussed in the following part. 
For case 18 as shown in Fig.8.3-c, the specimens used in this case were same to that used in 
case 17. The difference between case 18 and case 17 was that the cyclic processes of experiment 
were different for the sake of making sure the possible influence of the sequence of moisture change 
of cathode and anode. In case 18, the moisture of anode (specimen in B-side) was firstly increased 
by Cycle F and Cycle G and then the moisture of cathode (specimen in A-side) was increased by 
Cycle H and Cycle I. The steel in A-side was in passive state and acted as cathode while the steel 
B-side was in active corrosion state and acted as anode. So in the disconnected state, it could be 
found that there was a great difference of half-cell potential, micro-cell current density and mortar 
resistance between specimens in A-side and specimens in B-side. The increase of moisture by 
filling the four small holes with water or fully submerging the specimen in water for specimen in 
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A-side or B-side was helpful to investigate the effect of moisture on the macrocell polarization 
behaviors of steel in active corrosion state. From 1st to 3rd cycle (Cycle D), both specimens in 
A-side and B-side were exposed to the air. In these periods, duo to the sufficient oxygen to support 
the redox reactions on the surface of cathodic and anodic steels, the macrocell current density was 
high and about 0.30μA/cm2 in the 1st cycle and 0.14μA/cm2 in the 3rd cycle. The decrease of 
macrocell current density was attributed to the increase of mortar resistance. From 4th to 7th cycle 
(Cycle F), four small holes of specimen in B-side were filled with water, which increased the 
moisture content of mortar around anode (steel in B-side). The increase of moisture led to the 
increase of corrosion rate of anode and the decrease of resistance of mortar. In the disconnected 
state, the half-cell potential of anodic steel in B-side was decreased from -385mV in the periods 
with Cycle D to -680mV in the periods with Cycle F. In the connected periods, the decrease of 
mortar resistance enhanced the flow of macrocell current. The macrocell current density in Cycle F 
was about 0.27μA/cm2, which was higher than that in Cycle D. From 8th to 10th cycle (Cycle G), 
the specimen in B-side was fully submerged in water while the specimen in A-side was still exposed 
to the air. In the disconnected state, the mortar around the steel in B-side (anode) could reach a 
water-saturated state, which decreased the oxygen content on the surface of steel in B-side and thus 
weakened the corrosion rate of anodic steel. Although the cathodic reaction in term of the reduction 
of oxygen on the surface of steel in B-side was weakened, the cathodic reaction in term of the 
reduction of rust oxides still existed and could occur even with the absence of oxygen [16][17][18]. 
In the connected periods, since the cathodic steel in Cycle G had the same condition with that in 
Cycle D, so theoretically, the kinetics of cathodic reaction of cathode in Cycle G should be equal to 
that in Cycle D. In this condition, the magnitude of macrocell current would be affected by the 
resistance of mortar and the corrosion rate of anode in Cycle G. Because the decrease of mortar 
resistance could increase the corrosion rate of anode in the micro-cell state and the insufficient 
supply of oxygen could decrease the corrosion rate of anode in the micro-cell state, the corrosion 
rate of anode in the micro-cell state was controlled by both mortar resistance and oxygen content. 
The micro-cell corrosion rate of anode in Cycle G was higher than that in Cycle D, indicated that 
the ability of low mortar resistance to increase the micro-cell corrosion rate of anode was stronger 
than that of insufficient oxygen to decrease the micro-cell corrosion rate of anode. The decrease of 
mortar resistance caused by the water-saturated state of anode could enhance the flow of macrocell 
current, but the decrease of corrosion rate of anode caused by the insufficient oxygen could weaken 
the source of macrocell current. The macrocell current density in Cycle G was about 0.21μA/cm2 in 
the 10th cycle, which was lower than that in Cycle F but higher than that in Cycle D. The water 
saturated state of mortar at the surface of anodic steel not only had an influence on the magnitude of 
macrocell current, but also had a significant impact on the macrocell polarization degree of cathodic 
and anodic steels. The macrocell polarization degree of cathodic and anodic steels would be 
investigated in the following parts by analyzing and comparing the macrocell polarization ratios and 
slopes of cathode and anode. From 11th to 17th cycle (Cycle H), both the specimens in A-side and 
B-side were fully submerged in water. The water-saturated state of mortar in A-side markedly 
decreased the oxygen concentration on the surface of steel in A-side and thus greatly weakened the 
kinetics of cathodic reaction of steel in A-side. So when the steel in A-side was connected with the 
steel in B-side, the ability of steel in A-side to consume the electrons produced by steel in B-side 
was significantly reduced, which resulted in a considerable decrease in macrocell current. The 
macrocell current density in Cycle H was about 0.0012μA/cm2, which was about 0.86 percent of 
that in periods with Cycle D. In these periods (Cycle H in Fig.8.3-c), it also could be observed that, 
when the steel in A-side was connected with the steel in B-side, the polarization degree of half-cell 
potential of steel in B-side was negligible while the half-cell potential of steel in A-side was 
cathodically polarized to a much negative value that was almost equal to the half-cell potential of 
steel in B-side. Duo the depletion and limiting diffusion of oxygen in water-saturated mortars, when 
the steel in A-side was disconnected with the steel in B-side, the half-cell potential of steel in A-side 
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recovered slowly and finally stabilized around -150mV which was much lower than that (-40 mV) 
in periods with Cycle D. The time taken for the recovery of half-cell potential of steel in A-side was 
more than 14days. The change of half-cell potential of steels in the connected and disconnected 
state confirmed the effect of water-saturated mortars on the oxygen concentration and the effect of 
oxygen concentration on the macrocell polarization of cathode and anode. From 18th to 21st cycle 
(Cycle I), the specimen in A-side was still fully submerged in water while the specimen in B-side 
was exposed to the air. The water-saturated state of mortars in A-side further decreased the oxygen 
concentration on the surface of steel in A-side and thus further weakened the kinetics of cathodic 
reaction of steel in A-side. The ability of steel in A-side to consume the electrons produced by steel 
in B-side was further decreased, which further resulted in a considerable decrease in macrocell 
current. The macrocell current density in these periods was about 0.00015μA/cm2, which was about 
0.11 percent of that in periods with Cycle D. The lower macrocell current density for the condition 
that the mortar around the passive cathode was in water-saturated state, indicated that the macrocell 
current flowing between cathode and anode could be inhibited effectively by limiting the diffusion 
of oxygen in cathode. 
8.3.2 Effect of moisture on the relationships between ΔEcorr and macrocell current density 
The potential difference between anodic and cathodic was one of the important factors to affect 
the macrocell current. So in order to better understand the effect of moisture on the macrocell 
current, the relationship between macrocell potential difference and the macrocell current density 
would be investigated. The ΔEcorr 1 was defined as the potential difference between cathodic steel 
and anodic steel during the disconnected state, and ΔEcorr 4 was the potential difference between 
cathodic steel and anodic steel during the connected state. While ΔEcorr 2 was the potential 
difference of cathodic steel during the disconnected state and connected state, and ΔEcorr 3 was the 
potential difference of anodic steel during the disconnected state and connected state. For the steel 
in A-side and the steel in B-side, which acted as cathode and which acted as anode was judged 
based on the direction of macrocell current. Conventionally, the direction of macrocell current was 
from cathode to anode and was in the opposite direction of the flow of electrons. So if the macrocell 
current was flowing from the steel in A-side to the steel in B-side, the steel in A-side acted as 
cathode that consumed the electrons and the steel in B-side acted as anode that released the 
electrons; if the macrocell current was flowing from the steel in B-side to the steel in A-side, the 
steel in A-side acted as anode and the steel in B-side acted as cathode. In this part, the influence of 
moisture on the relationships between ΔEcorr i (i=1,2,3) and the macrocell current density was 
analyzed from two typical cases in practice. One case was that both cathode and anode was in 
passive state and was represented by case 16 in this study, another case was that cathode was in 
passive state while anode was in active corrosion state and was represented by case 17 and case 18 
in this study. 
For the case with 0% Cl- in A-side and 0% Cl- in B-side (case 16), the influence of moisture on 
the relationships between ΔEcorr i (i=1,2,3) and the macrocell current density was presented in 
Fig.8.4. The changes of moisture of specimens in A-side and B-side were represented by Cycle D, 
Cycle F, Cycle G, Cycle H and Cycle I. Because both the steels in A-side and B-side were in passive 
state, the macrocell potential difference (ΔEcorr 1) between steel in A-side and steel in B-side 
during the disconnected state was very small and less than 80mV, and was little affected by the 
changes of moisture of specimens in A-side and B-side. In Fig.8.4-a, the effect of moisture on the 
relationship between ΔEcorr 1 and the macrocell current density could be clearly observed. The 
increase of moisture of specimens in A-side and B-side greatly decreased the resistance of mortar 
and therefore enhanced the flow of macrocell current. For the same ΔEcorr 1 ranged from 20~50 
mV, the macrocell current density in Cycle D, Cycle F, Cycle G and Cycle H were about 1×10-5, 
5×10-5, 3×10-4 and 4×10-4 μA/cm2, respectively, which increased with the increasing of moisture of 
specimens in A-side and B-side.  
Kyushu Institute of Technology 
178 
-800
-600
-400
-200
0
200
0 100 200 300 400 500 600
Times (Days)
E
co
rr
 (
m
V
 v
s.
 A
g
/A
g
C
l)
P70-0-7
P70-0-8
D F G H I
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
0 100 200 300 400 500 600
Times (Days)
Ic
o
rr
 (
μ
A
/c
m
2
)
P70-0-7
P70-0-8
Macrocell
0
30
60
90
120
150
180
0 100 200 300 400 500 600
Times (Days)
R
co
n
 (
K
Ω
.c
m
2
)
P70-0-7
P70-0-8
-800
-600
-400
-200
0
200
0 100 200 300 400 500 600
Times (Days)
E
co
rr
 (
m
V
 v
s.
 A
g
/A
g
C
l)
P70-0-19 PC70-3-11
D E I H G
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
0 100 200 300 400 500 600
Times (Days)
Ic
o
rr
 (
μ
A
/c
m
2
)
P70-0-19
P70-3-11
Macrocell
0
30
60
90
120
150
180
0 100 200 300 400 500 600
Times (Days)
R
co
n
 (
K
Ω
.c
m
2
)
P70-0-19
P70-3-11
  
(a)                              (b) 
Kyushu Institute of Technology 
179 
-800
-600
-400
-200
0
200
0 100 200 300 400 500 600
Times (Days)
E
co
rr
 (
m
V
 v
s.
 A
g
/A
g
C
l)
P70-0-20 P70-3-12
D F G H I
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
0 100 200 300 400 500 600
Times (Days)
Ic
o
rr
 (
μ
A
/c
m
2
)
P70-0-20
P70-3-12
Macrocell
0
30
60
90
120
150
180
0 100 200 300 400 500 600
Times (Days)
R
co
n
 (
K
Ω
.c
m
2
)
P70-0-20
P70-3-12
 
(c) 
Fig.8.3. Time evolution curves of half-cell potential, micro-cell current density, macrocell current 
density and resistance of mortars. (a) cases 16, (b) Case 17, (c) case 18. 
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Fig.8.4. Effect of moisture on the (a) relationships between ΔEcorr 1 and macrocell current density, 
(b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships between ΔEcorr 
3 and macrocell current density, for the case with 0% Cl- in A-side and 0% Cl- in B-side. 
 
Fig.8.4-b shows the influence of moisture on the relationship between macrocell current 
density and ΔEcorr 2 in the case that both cathode and anode was in passive state. Compared with 
the macrocell current density and ΔEcorr 2 in Cycle D, the increase of moisture in Cycle F, Cycle G, 
Cycle H and Cycle I not only resulted in the increase of the macrocell current density but also led to 
the increase of ΔEcorr 2. The range of ΔEcorr 2 in Cycle D was 1~9 mV, while the range of ΔEcorr 
2 in Cycle F, Cycle G, Cycle H and Cycle I was 5~30mV. Seen from the overlapping regions that 
ΔEcorr 2 ranged from 5~9 mV, the macrocell current density in Cycle D, Cycle F, Cycle G and 
Cycle H were about 1×10-5, 5×10-5, 2×10-4 and 4×10-4 μA/cm2, respectively, which greatly 
increased with the increasing of moisture of specimens in A-side and B-side.  
Fig.8.4-c shows the influence of moisture on the relationship between macrocell current 
density and ΔEcorr 3 in the case that both cathode and anode was in passive state. It also could be 
found that, compared with the macrocell current density and ΔEcorr 3 in Cycle D, the increase of 
moisture in Cycle F, Cycle G, Cycle H and Cycle I not only resulted in the increase of the macrocell 
current density but also led to the significant increase of ΔEcorr 3. The range of ΔEcorr 3 in Cycle 
D was 2~6 mV, while the range of ΔEcorr 3 in Cycle F, Cycle G, Cycle H and Cycle I was 1~60mV. 
It could be seen that for the same ΔEcorr 3 ranged from 2~6 mV, the macrocell current density in 
Cycle D, Cycle F, Cycle G and Cycle H were about 1×10-5, 5.8×10-5, 3×10-4 and 4.5×10-4 μA/cm2, 
respectively, which greatly increased with the increasing of moisture of specimens.  
Above analysis indicated that for low moisture content of mortar, its resistance becomes the 
limiting factor of the flow of macrocell current and the polarization of cathodic and anodic steels. 
The increase of moisture content of mortar could promote the flow of macrocell current and 
enhance the polarization of cathodic and anodic steels. 
For the case with 0% Cl- in A-side and 3% Cl- in B-side (case 17 and case 18), the influence of 
moisture on the relationships between ΔEcorr i (i=1,2,3) and the macrocell current density was 
presented in Fig.8.5. The changes of moisture of specimens in A-side and B-side were represented 
by Cycle D, Cycle E, Cycle F, Cycle G, Cycle H and Cycle I. Because the steels in A-side were in 
passive state and the steels in B-side were in active corrosion state, the macrocell potential 
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difference between steel of A-side and steel of B-side in the disconnected state was very large and 
was greatly affected by the changes of moisture of specimens in A-side and B-side.  
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Fig.8.5. Effect of moistures on the (a) relationships between ΔEcorr 1 and macrocell current density, 
(b) relationships between ΔEcorr 2 and macrocell current density, (c) relationships between ΔEcorr 
3 and macrocell current density, for the case with 0% Cl- in A-side and 3% Cl- in B-side. 
In Fig.8.5-a, the effect of moisture on the relationship between ΔEcorr 1 and the macrocell 
current density could be clearly observed. In Cycle D that both the cathode and anode were exposed 
in air, the ranges of ΔEcorr 1 and macrocell current density were 330~400mV and 0.138~0.544 
μA/cm2, respectively. In Cycle F that the cathode (steel in A-side) was exposed in air and the holes 
of anode (steel in B-side) was filled with water, the ranges of ΔEcorr 1 and macrocell current 
density were 524~650mV and 0.238~0.334 μA/cm2, respectively. The increase of moisture content 
of mortar around the anode decreased the resistance of mortar and increased the corrosion rate of 
anode, and therefore led to the increase of ΔEcorr 1 and macrocell current. In Cycle G that the 
cathode (steel in A-side) was exposed in air and the holes of anode (steel in B-side) was fully 
submerged in water, the ranges of ΔEcorr 1 and macrocell current density were 446~646mV and 
0.075~0.715 μA/cm2, respectively. Compared with Cycle D, the water saturated state of mortar in 
Cycle G not only limited the transport of oxygen and weakened the kinetics of cathodic reaction of 
anodic steel, but also enhanced the corrosion rate of anode, both of which led to the decrease of 
half-cell potential of anodic steel in B-side and therefore resulted in the increase of ΔEcorr 1. The 
macrocell current density in Cycle G was almost equal to or higher than that in Cycle D, indicated 
that the water saturated state of anode was little helpful to inhibit the macrocell current. In Cycle I 
that the cathode (steel in A-side) was fully submerged in water and the anode (steel in B-side) was 
exposed in air, the ranges of ΔEcorr 1 and macrocell current density were 80~340mV and 
0.00029~0.00271 μA/cm2, respectively, which were much smaller than that in Cycle D. The 
increase of moisture content of mortar around the cathode limited the transport of oxygen, 
decreased the oxygen concentration on the surface of cathodic steel and thus greatly weakened the 
kinetics of cathodic reaction of cathodic steel. So the increase of moisture content of mortar around 
the cathodic steel could inhibit the macrocell corrosion. In Cycle H that both the cathode and anode 
were fully submerged in water, the ranges of ΔEcorr 1 and macrocell current density were 
95~360mV and 0.00009~0.005 μA/cm2, respectively, which were much smaller than that in Cycle 
D. The water-saturated state of mortars around the cathode and anode limited transport of oxygen, 
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decreased the oxygen concentration on the surface of both cathodic and anodic steels and thus 
greatly weakened the kinetics of cathodic reaction of cathodic steel. The lower kinetics of cathodic 
reaction of cathodic steel not only weakened the macrocell current flowing between cathode and 
anode but also decreased the half-cell potential of cathodic steel which played an important role in 
the decrease of ΔEcorr 1. 
Fig.8.5-b illustrates the influence of moisture on the relationship between macrocell current 
density and ΔEcorr 2 in the case that cathode was in passive state while anode was in active 
corrosion state. In Cycle D that both the cathode and anode were exposed in air, the ranges of 
ΔEcorr 2 and macrocell current density were 290~320mV and 0.138~0.544 μA/cm2, respectively. In 
Cycle G that the cathode (steel in A-side) was exposed in air and the anode (steel in B-side) was 
partially and fully submerged in water, the ranges of ΔEcorr 2 and macrocell current density were 
230~400mV and 0.075~0.715 μA/cm2, respectively., which greatly overlapped with that in Cycle D. 
In Cycle I that the cathode (steel in A-side) was fully submerged in water and the anode (steel in 
B-side) was exposed in air, the ranges of ΔEcorr 2 and macrocell current density were 75~300mV 
and 0.00029~0.00271 μA/cm2, respectively. The ranges of ΔEcorr 2 in Cycle I were almost equal to 
the ranges of ΔEcorr 1 in Cycle I, indicated that the water saturated state of cathode could promote 
the macrocell polarization of cathodic steel. The macrocell current density in Cycle I was about two 
or three orders of magnitude lower than that in Cycle D indicated that the limiting supply of oxygen 
in cathode could considerably reduce the macrocell current by inhibiting the kinetics of cathodic 
reactions. In Cycle H that both the cathode and anode were fully submerged in water, the ranges of 
ΔEcorr 2 and macrocell current density were 94~363mV and 0.00009~0.005 μA/cm2, respectively. 
In this cycle, both the cathode and anode were in water saturated state that remarkably decreased 
the supply of oxygen to cathode and anode. The ranges of ΔEcorr 2 in Cycle H were almost equal to 
the ranges of ΔEcorr 1 in Cycle H, which further confirmed that the water saturated state of cathode 
could promote the macrocell polarization of cathodic steel. The macrocell current density in Cycle 
H was about two or three orders of magnitude lower than that in Cycle D, which further confirmed 
that the limiting supply of oxygen in cathode could considerably reduce the macrocell current by 
inhibiting the kinetics of cathodic reactions.  
Fig.8.5-c describes the influence of moisture on the relationship between macrocell current 
density and ΔEcorr 3 in the case that cathode was in passive state while anode was in active 
corrosion state. In Cycle D that both the cathode and anode were exposed in air, the ranges of 
ΔEcorr 3 and macrocell current density were 20~150mV and 0.138~0.544 μA/cm2, respectively. In 
Cycle G that the cathode (steel in A-side) was exposed in air and the anode (steel in B-side) was 
partially and fully submerged in water, the ranges of ΔEcorr 3 and macrocell current density were 
120~340mV and 0.075~0.715 μA/cm2, respectively. The ranges of ΔEcorr 3 in Cycle G were much 
higher than that in Cycle D, indicated that the water saturated state of anode could promote the 
macrocell polarization of anodic steel. However, the macrocell current density in Cycle G was equal 
to or even higher than that in Cycle D, which indicated that the increase of moisture content of 
mortar around the anodic steel was little helpful to inhibit the macrocell current. In Cycle I that the 
cathode (steel in A-side) was fully submerged in water and the anode (steel in B-side) was exposed 
in air, the ranges of ΔEcorr 3 and macrocell current density were 3~23mV and 0.00029~0.00271 
μA/cm2, respectively. The ranges of ΔEcorr 3 in Cycle I were much lower than that in Cycle D, 
indicated that the water saturated state of cathode could weaken the macrocell polarization of 
anodic steel. In Cycle H that both the cathode and anode were fully submerged in water, the ranges 
of ΔEcorr 3 and macrocell current density were 1~20mV and 0.00009~0.005 μA/cm2, respectively. 
Compared with that in Cycle D, the water saturated state of cathode and anode not only led to the 
decrease of ΔEcorr 3 but also resulted in the decrease of macrocell current.  
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Fig.8.6. Relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) for the case with 0% Cl- in A-side 
and 0% Cl- in B-side. (a) Cycle D, (b) Cycle F, (c) Cycle G, (d) Cycle H, (e) Cycle I. 
 
8.3.3 Effect of moisture on the macrocell polarization ratios of cathode and anode 
In the macrocell corrosion state, it was important to know the relative contributions from the 
resistance of mortar and the polarization of the steels, as described by ΔEcorr 1 = ΔEcorr 2 + ΔEcorr 
3 + ΔEcorr 4, which had been graphically illustrated in the front chapter. In order to obtain the 
relative contributions of ΔEcorr i (i=2,3,4) on ΔEcorr 1 in the conditions with various moisture 
contents, the relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) were plotted in Fig.8.6 for the 
case with 0% Cl- in A-side and 0% Cl- in B-side and in Fig.8.7 for the case with 0% Cl- in A-side 
and 3% Cl- in B-side, and were fitted by the linear function. The slopes of the lines were defined as 
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the macrocell polarization ratio of cathodic steels, the macrocell polarization ratio of anodic steels 
and the macrocell polarization ratio of mortar resistance, respectively.  
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Fig.8.7. Relationships between ΔEcorr 1 and ΔEcorr i (i=2,3,4) for the case with 0% Cl- in A-side 
and 3% Cl- in B-side. (a) Cycle D, (b) Cycle E, (c) Cycle F, (d) Cycle G, (e) Cycle H, (f) Cycle I. 
 
For the case with 0% Cl- in A-side and 0% Cl- in B-side, the effect of moisture on the 
macrocell polarization ratio of cathode, the macrocell polarization ratio of anode and the macrocell 
polarization ratio of mortar resistance were summarized in Fig.8.8-a. The changes of moisture of 
specimens in A-side and B-side were represented by Cycle D, Cycle F, Cycle G, Cycle H and Cycle 
I. In Cycle D, Cycle F, Cycle G, Cycle H and Cycle I, the macrocell polarization ratio of cathodic 
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steels were about 10.1%, 14.2%, 44.1%, 42.0% and 21.7% respectively, the macrocell polarization 
ratio of anodic steels were about 11.5%, 20.1%, 36.8%, 60.9% and 72.0% respectively, the 
macrocell polarization ratio of mortars resistance were about 78.5%, 65.2%, 19.1%, 3.2% and 6.6% 
respectively. Based on these data, it could be found that the change of moisture had a great impact 
on the macrocell polarization ratio of cathode, the macrocell polarization ratio of anode and the 
macrocell polarization ratio of mortar resistance. For the low moisture content of mortar as Cycle D 
in this study, the macrocell polarization ratios of cathode and anode were very low while the 
macrocell polarization ratio of mortars resistance was pretty much high. The resistance of mortar 
became the limiting factor of the macrocell corrosion. The increase of moisture by filling the four 
small holes with water (Cycle F) or fully submerging the specimen in water (Cycle G, Cycle H and 
Cycle I) could decrease the resistance of mortar and therefore decrease the relative contribution of 
mortar resistance on the macrocell polarization and enhance the macrocell polarization ratios of 
cathode and anode. For Cycle G performed from 6th to 10th cycle, in which the cathode (steel in 
A-side) was exposed in air and the anode (steel in B-side) was fully submerged in water, the 
macrocell polarization ratios of cathode and anode had the characteristics of time variation. At the 
beginning (6th cycle), the macrocell polarization ratios of cathode and anode were almost the same 
and about 48.3% and 43.7%, respectively. With the increasing of cycle numbers, the macrocell 
polarization ratios of cathode and anode changed to 15.6% and 36.9% in 8th cycle, respectively. At 
the end of Cycle G (10th cycle), the macrocell polarization ratios of cathode increased to 63.7% 
while the macrocell polarization ratios of anode decreased to 30.7%. The time variation 
characteristics of macrocell polarization in Cycle G might be attributed to the variation of moisture 
and oxygen contents at the surface of cathode and anode. For Cycle H performed from 11th to 17th 
cycle, in which both the cathode (steel in A-side) and the anode (steel in B-side) was fully 
submerged in water, the macrocell polarization ratios of cathode and anode also had the 
characteristics of time variation. At the beginning (11th cycle), the macrocell polarization ratios of 
cathode and anode were about 68.9% and 24.3%, respectively. With the increasing of cycle numbers, 
there was a decrease in macrocell polarization ratios of cathode and an increase of macrocell 
polarization ratios of anode. At the end of Cycle H (17th cycle), the macrocell polarization ratios of 
cathode decreased to 39.7% while the macrocell polarization ratios of anode increased to 71.1%. 
The time variation characteristics of macrocell polarization in Cycle H might be attributed to the 
variation of moisture and oxygen contents at the surface of cathode and anode. Duo to the water 
saturated state of cathode and anode, the macrocell polarization ratio of mortars resistance was the 
lowest and could be negligible. For Cycle I performed from 18th to 21st cycle, the steel in A-side 
was fully submerged in water and acted as anode while the steel in B-side was exposed in air and 
acted as cathode. The anodic-cathodic transformation from Cycle H to Cycle I was mainly 
attributed to the decrease of moisture content of mortar in B-side which promoted the diffusion of 
oxygen and increased the oxygen concentration in mortar around the steel of B-side and therefore 
enhanced the kinetics of cathodic reactions of steel in B-side and made the steel in B-side act as 
cathode. In this cycle, the macrocell polarization ratio of cathodic steel was about 21.7% while the 
macrocell polarization ratio of anodic steel was about 72.0%. The macrocell corrosion in Cycle I 
was controlled by the anode. 
Based on above analysis, when both the cathodic and anodic steels were embedded in mortars 
containing 0% Cl-, the effect of moisture content on the macrocell polarization ratios of cathode, 
anode and mortar was summarized as follows. If both the mortars around the cathodic and anodic 
steels were exposed in air or had low moisture content, the resistance of mortars became the 
limiting factor of macrocell corrosion, and the macrocell polarization ratios of cathode and anode 
were very low and could be negligible. In this condition, the macrocell corrosion was prone to be 
controlled by the resistance of mortar. If the mortar around the cathodic or anodic steel was fully 
submerged in water or had high moisture content, the steel in this mortar would act as anode while 
another steel that was still exposed in air or had low moisture content would act as cathode. In this 
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condition, the macrocell polarization ratio of anode was much higher than that of cathode, and the 
macrocell corrosion was prone to be controlled by anode. If both the mortars around the cathodic 
and anodic steels were fully submerged in water or had high moisture content, the macrocell 
polarization ratio of mortar was very low and could be negligible, and the macrocell polarization 
ratio of cathode was almost equal to that of anode. In this condition, the macrocell corrosion was 
under mixed control by anode and cathode.  
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Fig.8.8. Effect of moistures on the macrocell polarization ratios. (a) for the case with 0% Cl- in 
A-side and 0% Cl- in B-side, (b) for the case with 0% Cl- in A-side and 3% Cl- in B-side. 
 
For the case with 0% Cl- in A-side and 3% Cl- in B-side, the effect of moisture on the 
macrocell polarization ratio of cathode, the macrocell polarization ratio of anode and the macrocell 
polarization ratio of mortar resistance were summarized in Fig.8.8-b. The changes of moisture of 
specimens in A-side and B-side were represented by Cycle D, Cycle E, Cycle F, Cycle G, Cycle H 
and Cycle I. In Cycle D, Cycle E, Cycle F, Cycle G, Cycle H and Cycle I, the macrocell polarization 
ratio of cathodic steels were about 78.4%, 73.4%, 60.6%, 55.8%, 99.1% and 84.6% respectively, the 
macrocell polarization ratio of anodic steels were about 15.7%, 28.0%, 31.9%, 42.6%, 3.8% and 
7.2% respectively, the macrocell polarization ratio of mortars resistance were about 5.8%, 1.7%, 
7.5%, 2.1%, 1.2% and 12.5% respectively. Based on these data, it could be found that the change of 
moisture in cathode and anode had a great impact on the macrocell polarization ratio of cathode, the 
macrocell polarization ratio of anode and the macrocell polarization ratio of mortar resistance. For 
Cycle D performed from 1st to 3rd cycle, in which both cathode (steel in A-side) and anode (steel in 
B-side) were exposed in air, the macrocell polarization ratio of mortar was relative low duo to the 
presence of chloride ions while the macrocell polarization ratio of cathode was much higher than 
that of anode. So in this condition, the macrocell corrosion was prone to be controlled by cathode. 
The increase of moisture by filling the four small holes with water (Cycle E and Cycle F) or fully 
submerging the specimen in water (Cycle G, Cycle H and Cycle I) could decrease the resistance of 
mortar and therefore decrease the relative contribution of mortar resistance on the macrocell 
polarization and had a influence on the macrocell polarization ratios of cathode and anode. For 
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Cycle G that the cathode (steel in A-side) was exposed in air and the anode (steel in B-side) was 
fully submerged in water, the water saturated state of anode decreased the macrocell polarization 
ratio of mortar by decreasing the resistance of mortar and greatly increased the macrocell 
polarization ratio of anode by weakening the kinetics of cathodic reactions of anodic steel, and 
therefore led to the decrease of macrocell polarization ratio of cathode. Because the macrocell 
polarization ratio of anode was close to that of cathode, the macrocell corrosion might be under 
mixed control by anode and cathode. For Cycle H that both the cathode (steel in A-side) and the 
anode (steel in B-side) were fully submerged in water, the water saturated state of cathode and 
anode greatly weakened the kinetics of cathodic reactions of cathode and the kinetics of cathodic 
reactions of anode, and therefore resulted in the greater macrocell polarization ratio of cathode and 
the much lower macrocell polarization ratio of anode. The macrocell polarization ratio of mortar 
was the lowest and could be negligible. In this condition, the macrocell corrosion was typically 
controlled by cathode. For Cycle I that the steel in A-side was fully submerged in water and acted as 
cathode and the steel in B-side was exposed in air and acted as anode, the water saturated state of 
cathode weakened the kinetics of cathodic reaction of cathode and thus promoted the macrocell 
polarization ratio of cathode. The macrocell polarization ratio of cathode in Cycle I was higher than 
that in Cycle D, but lower than that in Cycle H. The explanation for this might be related to the 
whole kinetics of cathodic reaction of cathode and anode. The whole kinetics of cathodic reaction in 
Cycle I was lower than that in Cycle D, but higher than that in Cycle H. The lower the whole 
kinetics of cathodic reaction was the higher the macrocell polarization ratio of cathode would be.  
Based on above analysis, when the cathodic steel was in passive state and the anodic steel was 
in active corrosion state, the effect of moisture content on the macrocell polarization ratios of 
cathode, anode and mortar was summarized as follows. If both the mortars around the cathode and 
anode were exposed in air or had low moisture content, the macrocell polarization ratio of mortar 
was relative low and the macrocell polarization ratio of cathode was much higher than that of anode. 
The macrocell corrosion in this condition was prone to be controlled by cathode. If the cathode was 
exposed in air or had low moisture content and the anode was fully submerged in water or had high 
moisture content, the macrocell polarization ratio of cathode would be decreased and the macrocell 
polarization ratio of anode would be increased. Because the macrocell polarization ratio of anode 
was close to that of cathode, the macrocell corrosion might be under mixed control by anode and 
cathode. If the cathode was fully submerged in water or had high moisture content and the anode 
was exposed in air or had low moisture content, the macrocell polarization ratio of cathode would 
be increased and the macrocell polarization ratio of anode would be decreased, and the macrocell 
corrosion in this condition would be controlled by cathode. If both cathode and anode were fully 
submerged in water or had high moisture content, the macrocell polarization ratio of cathode would 
be further increased and the macrocell polarization ratio of anode would be further decreased, and 
the macrocell corrosion in this condition would be typically controlled by cathode. 
 
8.3.4 Effect of moisture on the macrocell polarization slopes of cathode and anode 
The macrocell polarization slope of cathode (anode) had been defined in the macrocell 
corrosion model proposed by Maruya et al [19] as shown in Fig.8.9. The macrocell polarization 
slope and angle of cathode was marked as βma-c and θc, while the macrocell polarization slope and 
angle of anode was marked as βma-a and θa. The βma-c or βma-a could be calculated by the two points 
that represented the corrosion state of cathodic or anodic steel in micro-cell corrosion state ((imi-c, 
Emi-c) or (imi-a, Emi-a)) and macrocell corrosion state ((ima, Ema-c) or (ima, Ema-a)). The value of the 
point that represented the corrosion state of cathodic (anodic) steel in micro-cell corrosion state was 
obtained by averaging the half-cell potential and the micro-cell current density obtained in the 
disconnected periods, while the value of another point that represented the corrosion state of 
cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the half-cell potential 
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and the macrocell current density obtained in the connected periods.  
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Fig.8.9 Definition of macrocell polarization slope of cathode and anode [19] 
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Fig.8.10. Effect of moistures on the macrocell polarization slopes. (a) for the case with 0% Cl- in 
A-side and 0% Cl- in B-side, (b) for the case with 0% Cl- in A-side and 3% Cl- in B-side. 
 
The macrocell polarization slopes of cathode (βma-c) and anode (βma-a) could reflect the 
polarization ability of cathode and anode in the macrocell corrosion state. The higher the βma-c was, 
the stronger the ability of cathode to consume the electrons, which means the lower was macrocell 
polarization resistance of cathode. The lower the βma-a was, the stronger the ability of anode to 
produce the electrons, which means the lower was macrocell polarization resistance of anode.  
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Fig.8.11. Effect of moistures on the macrocell polarization angle of cathode and anode. (a) for the 
case with 0% Cl- in A-side and 0% Cl- in B-side, (b) for the case with 0% Cl- in A-side and 3% Cl- 
in B-side. 
 
For the case with 0% Cl- in A-side and 0% Cl- in B-side, the effect of moisture content on the 
macrocell polarization slopes of cathode and anode was summarized in Fig.8.10-a. The changes of 
moisture content of mortars in A-side and B-side were represented by Cycle D, Cycle F, Cycle G, 
Cycle H and Cycle I. The average values and the standard deviation of macrocell slopes (βma-c and 
βma-a) were statistically analyzed based on the data obtained in these cycles. In Cycle D, Cycle F, 
Cycle G, Cycle H and Cycle I, the macrocell polarization slope of cathodic steels (βma-c) were about 
2, 3, 14, 17 and 16 mV/dec, respectively, the macrocell polarization slope of anodic steels (βma-a) 
were about -3, -10, -12, -18 and -57 mV/dec, respectively. The change of moisture not only had an 
influence on the βma-c but also had an influence on the βma-a. The increase of moisture content in 
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cathode and anode could lead to the increase of βma-c and the decrease of βma-a. The moisture content 
of mortar determined the available oxygen concentration at the surface of cathodic and anodic steels 
and could affect the macrocell current and macrocell polarization potential of cathodic and anodic 
steels.  
For the case with 0% Cl- in A-side and 3% Cl- in B-side, the effect of moisture content on the 
macrocell polarization slopes of cathode and anode was summarized in Fig.8.10-b. The changes of 
moisture content of mortars in A-side and B-side were represented by Cycle D, Cycle E, Cycle F, 
Cycle G, Cycle H and Cycle I. The average values and the standard deviation of macrocell slopes 
(βma-c and βma-a) were statistically analyzed based on the data obtained in these cycles. In Cycle D, 
Cycle E, Cycle F, Cycle G, Cycle H and Cycle I, the macrocell polarization slope of cathodic steels 
(βma-c) were about -153, -1243, -248, -176, 329 and 293 mV/dec, respectively, the macrocell 
polarization slope of anodic steels (βma-a) were about 41, -210, 747, 1208, -3 and -19 mV/dec, 
respectively. Based on these data, it could be found that the change of moisture content of mortar in 
cathode and anode not only had an influence on the βma-c but also had an influence on the βma-a. 
Compared with Cycle F, the increase of anodic moisture content in Cycle G not only had little effect 
on the βma-c but also had little influence on the βma-a, which indicated that the anodic moisture 
content did not provide any improvement on the macrocell polarization resistance of anode. 
However, the increase of macrocell current in Cycle G was mainly attributed to the increase of 
macrocell potential difference and the decrease of mortar resistance. Compared to Cycle D, the 
increase of cathodic moisture content in Cycle E and Cycle I could result in the decrease of βma-c 
(which was decreased in the clockwise direction) and the increase of βma-a (which was increased in 
the counterclockwise direction). This means that the water saturated state of cathode not only 
weaken the ability of cathode to consume the electrons but also weaken the ability of anode to 
produce the electrons. Compared with Cycle I, the increase of moisture content in both cathode and 
anode in Cycle H led to the further decrease of βma-c and the further increase of βma-a.  
Seen from Fig.8.10-b, it could be found that the use of macrocell polarization slopes of cathode 
and anode (βma-c and βma-a) in this study might lead to the misunderstanding on the macrocell 
polarization resistance of cathode and anode. In Cycle D that both cathode and anode were exposed 
in air, the βma-c had a negative value and the βma-a had a positive value. After the cathode was 
submerged in water (Cycle H or Cycle I), the βma-c was changed from a negative value to a positive 
value while the βma-a was changed from a positive value to a negative value. On the surface, the βma-c 
was increased and the βma-a was decreased. However, actually, both the ability of cathode to 
consume electrons and the ability of anode to produce electrons in the macrocell circuit were 
weakened. So both the macrocell polarization resistance of cathode and the macrocell polarization 
resistance of anode in the macrocell corrosion state were enhanced. The enhancement of macrocell 
polarization resistances of cathode and anode could be confirmed from the macrocell polarization 
angles of cathode (θc) and anode (θc) as shown in Fig.8.9. So in order to better understand the 
effect of moisture contents on the macrocell polarization slopes of cathode and anode, the macrocell 
polarization angles of cathode (θc) and anode (θa) were used instead of the βma-c and βma-a. Duo to 
the relationships that βma-c=-tan(θc) and βma-a=tan(θa), the macrocell polarization angle of cathode 
(θc) and anode (θa) could be obtained. Theoretically, the higher the θc was, the lower the ability of 
cathode to consume the electrons, which means the higher was macrocell polarization resistance of 
cathode. The higher the θa was, the lower the ability of anode to produce the electrons, which 
means the higher was macrocell polarization resistance of anode. 
The effect of moisture contents on the macrocell polarization angles of cathode (θc) and anode 
(θc) were described in Fig.8.11. The data presented in this figure were all same to that given in 
Fig.8.10, which were just expressed in a different way to better understand the influence of moisture 
contents on the polarization resistance of cathode and anode in the macrocell state.  
For the case with 0% Cl- in A-side and 0% Cl- in B-side, the effect of moisture contents on the 
macrocell polarization angles of cathode and anode was summarized in Fig.8.11-a. The changes of 
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moisture contents of mortars in A-side and B-side were represented by Cycle D, Cycle F, Cycle G, 
Cycle H and Cycle I. The average values and the standard deviation of macrocell angles (θc and θa) 
were statistically analyzed based on the data obtained in these cycles. In Cycle D, Cycle F, Cycle G, 
Cycle H and Cycle I, the macrocell polarization angle of cathode (θc) were about 121.89, 109.95, 
94.19, 93.3 and 93.63 degrees, respectively, the macrocell polarization slope of anode (θa) were 
about 106.81, 95.83, 94.82, 93.15 and 91.00 degrees, respectively. Seen from these data, it could be 
confirmed that the increase of moisture contents in cathode and anode not only lead to the decrease 
of θc but also lead to the decrease of θc. This means that both the macrocell polarization resistance 
of cathode and anode were weakened and therefore promoted the increase of macrocell current. 
For the case with 0% Cl- in A-side and 3% Cl- in B-side, the effect of moisture content on the 
macrocell polarization angles of cathode and anode was summarized in Fig.8.11-b. The changes of 
moisture content of mortars in A-side and B-side were represented by Cycle D, Cycle E, Cycle F, 
Cycle G, Cycle H and Cycle I. The average values and the standard deviation of macrocell angles 
(θc and θa) were statistically analyzed based on the data obtained in these cycles. In Cycle D, Cycle 
E, Cycle F, Cycle G, Cycle H and Cycle I, the macrocell polarization angle of cathodic steels (θc) 
were about 89.63, 89.95, 89.77, 89.67, 90.17 and 90.20 degrees, respectively, the macrocell 
polarization angle of anodic steels (θa) were about 88.61, 90.27, 89.92, 89.95, 110.48 and 93.01 
degrees, respectively. Based on these data, it could be found that the change of moisture content of 
mortar in cathode and anode not only had an influence on the θc but also had an influence on the θa. 
Compared with Cycle F, the increase of moisture content only in anode in Cycle G not only had 
little effect on the θc but also had little influence on the θa, which indicated that the anodic moisture 
content did not provide any improvement on the macrocell polarization resistance of anode.  
However, the increase of macrocell current in Cycle G was mainly attributed to the increase of 
macrocell potential difference and the decrease of mortar resistance. The increase of moisture 
content only in cathode in Cycle I resulted in the increase of θc and the increase of θa. This means 
that the water saturated state of cathode not only weaken the ability of cathode to consume the 
electrons but also weaken the ability of anode to produce the electrons. Both the macrocell 
polarization resistance of cathode and anode was increased. Compared with Cycle I, the increase of 
moisture content in both cathode and anode in Cycle H led to the further increase of θc and the 
further increase of θa. This means that both the macrocell polarization resistance of cathode and 
anode was further increased. 
 
8.3.5 Mechanism for moisture to affect the macrocell corrosion 
Based on the above analysis, the mechanism for moisture to affect the macrocell corrosion for 
the case that both cathodic steel and anodic steel were in passive state was illustrated in Fig.8.12. 
For the sake of explanation, case D (cathode with 0%Cl- in air and anode with 0%Cl- in air), case G 
(cathode with 0%Cl- in air but anode with 0%Cl- in water) and case H (cathode with 0%Cl- in water 
and anode with 0%Cl- in water) were defined. In order to analyze conveniently, the half-cell 
potential and corrosion rate of cathode and anode in the micro-cell corrosion state was assumed to 
be little affected by the change of moisture, which could be confirmed from the experimental results 
shown in Fig.8.3-a. In case D, since the mortars around the cathodic and anodic steels were both 
exposed in air and had low moisture content, the resistance of mortars became the limiting factor 
for the flow of macrocell current. In this condition, not only the macrocell polarization ratios of 
cathode and anode were very low but also the macrocell polarization slopes of cathode and anode 
were also very low. The macrocell current in this case was the lowest and was prone to be 
controlled by the resistance of mortar. In this stage, the macrocell polarization angles of cathode and 
anode were marked as θc-D and θa-D, respectively, and the macrocell current density was marked 
as ima-D. Compared to the low moisture content in cathode and anode of case D, the water saturated 
state in anode of case G could decrease the resistance of mortar and promote the flow of macrocell 
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current, and therefore resulted in the increase of macrocell polarization ratios of cathode and anode. 
In this case, the macrocell polarization angle of cathode was marked as θc-G which was lower than 
θc-D and the macrocell polarization angle of anode was marked as θa-G which was lower than θa-D, 
and the macrocell current density was marked as ima-G which was higher than ima-D. In case H, both 
cathode and anode were fully submerged in water. The water saturated state of both cathode and 
anode significantly decreased the resistance of mortar and greatly promoted the flow of macrocell 
current, and therefore resulted in the further increase of macrocell polarization ratios of cathode and 
anode, and the further decrease of macrocell polarization ratios of mortar. In this case, the macrocell 
polarization angle of cathode was marked as θc-H which was higher than θc-G and the macrocell 
polarization angle of anode was marked as θa-H which was lower than θa-G, and the macrocell 
current density was marked as ima-H which was higher than ima-G.  
The mechanism for moisture to affect the macrocell corrosion for the case that cathodic steel 
was in passive state and anodic steel was in active corrosion state was illustrated in Fig.8.13. For the 
sake of explanation, case D (cathode with 0%Cl- in air and anode with 3%Cl- in air), case G 
(cathode with 0%Cl- in air but anode with 3%Cl- in water), case I (cathode with 0%Cl- in water but 
anode with 3%Cl- in air) and case H (cathode with 0%Cl- in water and anode with 3%Cl- in water) 
were defined.  
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Fig.8.12. Mechanism of macrocell corrosion: effect of moistures for the case with 0% Cl- in A-side 
and 0% Cl- in B-side 
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Fig.8.13. Mechanism of macrocell corrosion: effect of moistures for the case with 0% Cl- in A-side 
and 3% Cl- in B-side. (a) anode was immersed in water, (b) cathode was immersed in water, (c) both 
anode and cathode were immersed in water. 
 
The mechanism for anodic moisture to affect the macrocell corrosion was shown in Fig.8.13-a. 
In case D, both cathode and anode were exposed in air and had low moisture content. The macrocell 
polarization angles of cathode and anode were marked as θc-D and θa-D, respectively, and the 
macrocell current density was marked as ima-D. Compared with case D, the anode of case G was 
fully submerged in water. The water saturated state of anode decreased the resistance of mortar, 
limited the transport of oxygen and thus weakened the kinetics of cathodic reaction of anodic steel, 
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which led to the decrease of half-cell potential of anode (from Emi-a-D to Emi-a-G) in micro-cell 
corrosion state, and therefore resulted in the increase of ΔEcorr 1. The decrease of the kinetics of 
cathodic reaction of anodic steel also led to the decrease of micro-cell current density of anode 
(which was decreased from imi-a-D to imi-a-G). In macrocell corrosions state, the water saturated state 
of anode decreased the macrocell polarization ratio of mortar by decreasing the resistance of mortar 
and increased the macrocell polarization ratio of anode by weakening the kinetics of cathodic 
reactions of anodic steel, and therefore led to the decrease of macrocell polarization ratio of cathode. 
The macrocell polarization angle of cathode marked as θc-G was almost equal to the θc-D while the 
macrocell polarization angle of anode marked as θa-G was also almost equal to the θa-D. In theory, 
the macrocell current density ima-D in case D should be equal to the ima-G in case G. However, the 
increase of macrocell current in Cycle G was mainly attributed to the increase of macrocell 
potential difference and the decrease of mortar resistance. 
The mechanism for cathodic moisture to affect the macrocell corrosion was shown in 
Fig.8.13-b. In case D, both cathode and anode were exposed in air and had low moisture content. 
The macrocell polarization angle of cathode and anode were marked as θc-D and θa-D, respectively, 
and the macrocell current density was marked as ima-D. Compared with case D, the cathode of case I 
was fully submerged in water. The water saturated state of cathode decreased the resistance of 
mortar, limited the transport of oxygen and thus weakened the kinetics of cathodic reaction of 
cathodic steel, which led to the decrease of half-cell potential of cathode (from Emi-c-D to Emi-c-I) in 
the micro-cell state, and therefore resulted in the decrease of ΔEcorr 1. In the macrocell corrosion 
state, the decrease of kinetics of cathodic reaction of cathode in case I not only reduced the 
macrocell current (from ima-D to ima-I) but also resulted in the decrease of macrocell polarization ratio 
of anode and the increase of macrocell polarization ratio of cathode. Under the effect of water 
saturated state of cathode, the macrocell polarization angle of cathode was increased from θc-D to 
θc-I and the macrocell polarization angle of anode was also increased from θa-D to θa-I. The 
increase of macrocell polarization angles of cathode and anode contributed to the decrease of 
macrocell current from ima-D to ima-I.  
The mechanism for water saturated state of both cathode and anode to affect the macrocell 
corrosion was shown in Fig.8.13-c. In case D, both cathode and anode were exposed in air and had 
low moisture content. The macrocell slopes of cathode and anode were marked as θc-D and θa-D, 
respectively, and the macrocell current density was marked as ima-D. Compared with case D, both 
cathode and anode of case H were fully submerged in water. The water saturated state of cathode 
decreased the resistance of mortar, limited the transport of oxygen, weakened the kinetics of 
cathodic reaction of cathodic steel, and therefore resulted in the decrease of half-cell potential of 
cathode from Emi-c-D to Emi-c-H in the micro-cell state. The water saturated state of anode also 
decreased the resistance of mortar, limited the transport of oxygen and thus weakened the kinetics 
of cathodic reaction of anodic steel, and therefore led to the decrease of half-cell potential of anode 
from Emi-a-D to Emi-a-H in the micro-cell state. The increase of moisture content and the decrease of 
mortar resistance also led to the increase of micro-cell current density of anode (which was 
increased from imi-a-D to imi-a-H).  
The decrease of kinetics of cathodic reaction of cathode and anode in case H could not only 
significantly reduced the macrocell current (which was decreased from ima-D to ima-H) but also 
resulted in the decrease of macrocell polarization ratio of anode and the increase of macrocell 
polarization ratio of cathode. The macrocell polarization ratio of anode in case H was very low 
(about 1%) and could be negligible while the macrocell polarization ratio of cathode in case H was 
very high and reached to 99%. Under the effect of water saturated state of cathode and anode, the 
macrocell polarization angle of cathode was increased from θc-D to θc-H and the macrocell 
polarization angle of anode was also increased from θa-D to θa-HI. The change of macrocell 
polarization angles of cathode and anode also contributed to the decrease of macrocell current from 
ima-D to ima-H.  
Kyushu Institute of Technology 
195 
 
8.4.6 Relationship between macrocell current density and corrosion current density calculated 
by the Stern-Geary equation 
In the real reinforced concrete structures, macrocell current density (icorr-ma) flowing between 
the actively corroding steel and the steel which had a lower corrosion rate usually can not be 
measured directly duo to the continuity and integrity of steel, and the corrosion current density 
calculated by the Stern-Geary equation (icorr-SG) was widely used as the parameter to quantitatively 
evaluate the corrosion rate of steel. Strictly speaking, the icorr-SG was not the real dissolution rate of 
steel, because it did not contain the macrocell current density (icorr-ma) flowing from the measured 
area to other un-measured area. Therefore, in order to better evaluate the corrosion rate of steel, it 
was necessary to investigate the influence of moisture contents of cathode and anode on the 
relationship between icorr-SG and icorr-ma, and based on this relationship to speculate the possible 
magnitude of macrocell current density. 
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Fig.8.14. Effect of moistures on the relationship between macrocell current density and micro-cell 
corrosion current density. (a) in the disconnected periods, (b) in the connected periods for the case 
with 0% Cl- in A-side and 0% Cl- in B-side. 
 
For the case with 0% Cl- in A-side and 0% Cl- in B-side, the effect of moisture contents of 
cathode and anode on the relationship between icorr-ma and icorr-SG was summarized in Fig.8.14. The 
changes of moisture content of cathode and anode were represented by Cycle D, Cycle F, Cycle G, 
Cycle H and Cycle I. The values of icorr-ma in each cycle were plotted against the values of icorr-SG 
measured at the same cycle for the periods that the steel of A-side was disconnected with the steel 
of B-side in Fig.8.14-a and for the periods that the steel of A-side was connected with the steel of 
B-side in Fig.8.14-b. Seen from these figures, the influence of moisture contents on the relationship 
between icorr-ma and icorr-SG could be clearly observed. For Cycle D, Cycle F, Cycle G, Cycle H and 
Cycle I, the ratio of icorr-ma to icorr-SG in the disconnected periods (Fig.8.14-a) were 0.0033, 0.0129, 
0.0613, 0.0692 and 0.1231, respectively while the ratio of icorr-ma to icorr-SG in the connected periods 
(Fig.8.14-b) were 0.0021, 0.0069, 0.0158, 0.0174 and 0.0299, respectively. The increase of moisture 
content led to the increase of the ratio of icorr-ma to icorr-SG. By comparing the ratio of icorr-ma to icorr-SG 
in the disconnected periods with that in the connected periods, it could be found that the ratio of 
icorr-ma to icorr-SG for Cycle D, Cycle F, Cycle G, Cycle H and Cycle I in the disconnected periods was 
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about 1.6, 1.9, 3.9, 4.0 and 4.1 times higher than that in the connected periods, respectively. This 
indicated that firstly, in the connected periods, the macrocell corrosion could lead to the increase of 
icorr-SG, and secondly the water saturated state of mortar could result in the further increase of icorr-SG. 
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Fig.8.15. Effect of moistures on the relationship between macrocell current density and micro-cell 
corrosion current density. (a) in the disconnected periods, (b) in the connected periods for the case 
with 0% Cl- in A-side and 3% Cl- in B-side. 
 
For the case with 0% Cl- in A-side and 3% Cl- in B-side, the effect of moisture contents of 
cathode and anode on the relationship between icorr-ma and icorr-SG was summarized in Fig.8.15. The 
changes of moisture content of cathode and anode were represented by Cycle D, Cycle E, Cycle F, 
Cycle G, Cycle H and Cycle I. The values of icorr-ma in each cycle were plotted against the values of 
icorr-SG measured at the same cycle for the periods that the steel of A-side was disconnected with the 
steel of B-side in Fig.8.15-a and for the periods that the steel of A-side was connected with the steel 
of B-side in Fig.8.15-b. Seen from these figures, the influence of moisture contents on the 
relationship between icorr-ma and icorr-SG could be clearly observed. For Cycle D, Cycle E, Cycle F, 
Cycle G, Cycle H and Cycle I, the ratio of icorr-ma to icorr-SG in the disconnected periods (Fig.8.15-a) 
were about 6.31, 0.41, 2.94, 1.46, 0.03 and 0.10, respectively while the ratio of icorr-ma to icorr-SG in 
the connected periods (Fig.8.15-b) were 6.43, 0.41, 2.91, 2.4, 0.02 and 0.03, respectively. Compared 
to Cycle D in which both cathode and anode were exposed in air, the gradual increase of moisture in 
anode from Cycle F to Cycle G led to the gradual decrease of the ratio of icorr-ma to icorr-SG, while the 
gradual increase of moisture in cathode from Cycle E to Cycle I led to the remarkable decrease of 
the ratio of icorr-ma to icorr-SG. The increase of moisture in cathode was more effective in inhibiting the 
macrocell current than the increase of moisture in anode. The water saturated state of both cathode 
and anode in cycle H could minimize the macrocell current. By comparing the ratio of icorr-ma to 
icorr-SG in the disconnected periods with that in the connected periods, it could be found that the ratio 
of icorr-ma to icorr-SG for Cycle D, Cycle E, Cycle F, Cycle G, Cycle H and Cycle I in the disconnected 
periods was about 0.98, 0.99, 1.01, 0.61, 1.55 and 3.5 times that in the connected periods, 
respectively. This indicated that in the condition that cathode was in passive state and anode was in 
active corrosion state, if both cathode and anode were exposed in air or had low moisture content, 
the ratio of icorr-ma to icorr-SG in the disconnected periods would be similar to that in the connected 
periods, if the cathode was exposed in air and anode was in water saturated state, the ratio of icorr-ma 
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to icorr-SG in the disconnected periods would be 0.6 times lower than that in the connected periods, if 
the cathode was in water saturated state and anode was exposed in air, the ratio of icorr-ma to icorr-SG in 
the disconnected periods would be 3.5 times higher than that in the connected periods, and if both 
cathode and anode were in water saturated state, the ratio of icorr-ma to icorr-SG in the disconnected 
periods would be 1.6 times higher than that in the connected periods. All these analysis given above 
confirmed that the moisture of cathode and anode did play an important role in controlling the 
magnitude of macrocell current. 
 
8.4 Conclusions 
For the case that both cathode and anode were in passive state, if both cathode and anode were 
exposed in air or had low moisture content, the macrocell current flowing between cathode and 
anode was very small and the resistance of mortar became the key factor affecting the macrocell 
current and the macrocell polarization of cathodic and anodic steels. In this situation, the macrocell 
polarization ratios of cathode and anode were very low, and the macrocell polarization resistance of 
cathode and anode were very high. The increase of moisture content in mortars around cathode and 
anode not only led to the decrease of macrocell polarization ratio of mortar and the increase of 
macrocell polarization ratio of cathodic and anodic steels, but also resulted in the decrease of 
macrocell polarization resistance of cathodic and anodic steels, and therefore enhanced the 
macrocell current. 
For the case that cathode was in passive state and anode was in active corrosion state, if both 
cathode and anode were exposed in air or had low moisture content, the macrocell polarization ratio 
of mortar was relative low and the macrocell polarization ratio of cathode was much higher than 
that of anode. The macrocell corrosion was usually controlled by cathode.  
The increase of moisture only in cathode could weaken the cathodic reaction of cathode, which 
not only led to the great increase of macrocell polarization ratio of cathodic steel, but also resulted 
in the great increase of macrocell polarization resistance of cathodic, and therefore weakened the 
macrocell current, and made the macrocell corrosion more controlled by cathode. 
The increase of moisture only in anode could lead to the increase of macrocell polarization 
ratio of anodic steel, which could make the controlling mode of macrocell corrosion changed from 
cathodic control to mixed control.  
The water saturated state of both cathode and anode not only minimized the macrocell 
polarization ratio of anodic steel and maximized the macrocell polarization ratio of cathodic steel, 
but also resulted in the remarkable increase of macrocell polarization resistance of cathodic and 
anodic steels, and therefore effectively inhibited the macrocell current. In this situation, the 
macrocell corrosion was completely controlled by cathode. This confirmed the reason that why 
reinforcing concrete structures which are fully submerged in seawater are not corroded. 
 
8.5 References 
[1] R.R.Hussain, T.Ishida, M.Wasim. "Oxygen transport and corrosion of steel in concrete under 
varying concrete cover, w/c, and moisture." ACI Materials Journal, vol.109, no.1, pp.3-10, 
2012. 
[2] R.R.Hussain. "Effect of moisture variation on oxygen consumption rate of corroding steel in 
chloride contaminated concrete." Cement and Concrete Composites, vol.33, no.1, pp.154-161, 
2011. 
[3] R.R.Hussain, T.Ishida. "Influence of connectivity of concrete pores and associated diffusion of 
oxygen on corrosion of steel under high humidity." Construction and Building Materials, 
vol.24, no.6, pp.1014-1019, 2010. 
[4] J.Ožbolt, G.Balabanić, M.Kušter. "3D Numerical modelling of steel corrosion in concrete 
Kyushu Institute of Technology 
198 
structures." Corrosion science, vol.53, no.12, pp.4166-4177, 2011. 
[5] W.Lopez, J.A.Gonzalez. "Influence of the degree of pore saturation on the resistivity of concrete 
and the corrosion rate of steel reinforcement." Cement and concrete research, vol.23, no.2, 
pp.368-376, 1993. 
[6] M.Raupach. "Investigations on the influence of oxygen on corrosion of steel in concrete-Part I." 
Materials and Structures, vol.29, no.3, pp.174-184, 1996. 
[7] W.Lopez, J.A.Gonzalez. "Influence of the degree of pore saturation on the resistivity of concrete 
and the corrosion rate of steel reinforcement." Cement and concrete research, vol.23, no.2, 
pp.368-376, 1993. 
[8] J.A.Gonzalez, W.Lopez, P.Rodriguez. "Effects of moisture availability on corrosion kinetics of 
steel embedded in concrete." Corrosion, vol.49, no.12, pp.1004-1010, 1993. 
[9] A.A.Sagüés, M.A.Pech-Canul, A.K.M.Shahid Al-Mansur. "Corrosion macrocell behavior of 
reinforcing steel in partially submerged concrete columns." Corrosion Science, vol.45, no.1, 
pp.7-32, 2003. 
[10] X.Song, X.Liu. "Experimental research on corrosion of reinforcement in concrete through 
cathode-to-anode area ratio". ACI Materials Journal, vol.97, no.2, pp.148-155, 2000. 
[11] A.Poursaee, C.M.Hansson. "Potential pitfalls in assessing chloride-induced corrosion of steel in 
concrete." Cement and Concrete Research, vol.39, no.5, pp.391-400, 2009. 
[12] A.Poursaee, A.Laurent, C.M.Hansson. "Corrosion of steel bars in OPC mortar exposed to NaCl, 
MgCl2 and CaCl2: Macro-and micro-cell corrosion perspective." Cement and Concrete 
Research, vol.40, no.3, pp.426-430, 2010. 
[13] C.M.Hansson, A.Poursaee, A.Laurent. "Macrocell and microcell corrosion of steel in ordinary 
Portland cement and high performance concretes." Cement and Concrete Research, vol.36, 
no.11, pp.2098-2102, 2006. 
[14] T.Maruya, H.Takeda, K.Horiguchi, K.L.Hsu. "Simulation of steel corrosion in concrete based 
on the model of macrocell corrosion circuit." Journal of Advanced Concrete Technology, vol.5, 
no.3, pp.343-362, 2007. 
[15] C.Andrade, I.R.Maribona, S.Feliu, J.A.Gonzalez, S.Feliu Jr. "The effect ofmacrocells between 
active and passive areas of steel reinforcements." Corrosion Science, vol.33, no.2, pp.237-249, 
1992. 
[16] J.A.González, E.Otero, S.Feliu, A.Bautista, E.Ramírez, P.Rodríguez, W.López. "Some 
considerations on the effect of chloride ions on the corrosion of steel reinforcements embedded 
in concrete structures." Magazine of Concrete Research, vol.50, no.3, pp.189-199, 1998. 
[17] G..S.Duffó, W.Morris, I.Raspini, C.Saragovi. "A study of steel rebars embedded in concrete 
during 65 years." Corrosion science, vol. 46, no.9, pp.2143-2157, 2004. 
[18] M.Stratmann, K.Bohnenkamp, H.J.Engell. "An electrochemical study of phase-transitions in 
rust layers." Corrosion Science, vol.23, no.9, pp.969-985, 1983. 
[19] T.Maruya, H.Takeda, K.Horiguchi, K.L.Hsu. "Simulation of steel corrosion in concrete based 
on the model of macrocell corrosion circuit." Journal of Advanced Concrete Technology, vol.5, 
no.3, pp.343-362, 2007. 
 
Kyushu Institute of Technology 
199 
 
 
 
 
 
Chapter 9  
Conclusions and Recommendations 
 
 
 
 
 
9.1 Conclusions 
The corrosion prevention techniques are usually evaluated by the use of micro-cell corrosion 
theory and are rarely evaluated based on macrocell corrosion theory. In macrocell corrosion theory, 
macrocell potential difference and the macrocell polarization slopes and ratios of cathode and anode 
are the key parameters to control the magnitude of macrocell current. In the micro-cell corrosion 
theory, the corrosion prevention techniques could increase the half-cell potential and decrease the 
corrosion current density of steel, but in the macrocell corrosion theory, whether corrosion 
prevention techniques have an influence on the macrocell polarization slopes and ratios of cathode 
and anode, is still an unknown question. So based on macrocell corrosion theory, studying the 
influence of corrosion prevention techniques on the macrocell polarization slopes and ratios of 
cathode and anode can lead us a deeper understanding of the mechanism of corrosion prevention 
techniques to inhibit corrosion. 
In this study, the corrosion prevention technique was mainly focused on the nitrite-based 
corrosion inhibitor. The effect of nitrite on steel corrosion had been evaluated by the use of both 
micro-cell corrosion theory and macrocell corrosion theory. Some other factors influencing the 
macrocell corrosion also had been investigated. The main conclusions of this study could be 
summarized as follows.  
(1) In Chapter 3, the effect of nitrite concentration and pH on the corrosion of steel has been 
investigated. The results indicated that with the presence of nitrite, the corrosion of steel could be 
inhibited effectively. Chloride threshold level and sulfate threshold level were not only increased 
with the increasing of nitrite concentration but also affected by pH. Highly alkaline environment 
played an important role in assisting nitrite to inhibit corrosion. Chloride-induced corrosion was 
more prone to initiate than sulfate-induced corrosion in highly alkaline environment but in neutral 
environment, when nitrite concentration was equal to or less than 0.053mol/L, sulfate-induced 
corrosion was more likely to occur than chloride-induced corrosion. For chloride-induced corrosion, 
using NO2
-/Cl- mole ratio as the parameter to guarantee the inhibition effect was suitable in highly 
alkaline environment, but not appropriate in weakly alkaline and neutral environments. For 
sulfate-induced corrosion, NO2
-/ SO4
2- could not be used as the parameter to guarantee the 
inhibition effect due to the change of its threshold level with nitrite concentration. When the steel 
was in passive state, the presence of nitrite had little influence on anodic/cathodic polarization 
curves and Stern-Geary constant B. When the steel was corroded, the addition of nitrite had a 
significant effect on the anodic polarization curve of steel and the Stern-Geary constant B. 
(2) In Chapter 4, the effect of anodic and cathodic chloride contents on the macrocell corrosion 
and polarization behavior of reinforcing steel was studied. The controlling mode of macrocell 
corrosion affected by cathodic and anodic chloride contents was confirmed. The results indicated 
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that when the cathodic chloride content was constant, the increasing of anodic chloride contents 
could lead to the increase the macrocell current by increasing the macrocell potential difference and 
decreasing the micro-cell and macrocell polarization resistance of anode. The higher anodic 
chloride contents could lead to the increase of macrocell polarization ratio of cathode, and the 
decrease of macrocell polarization ratio of anode and therefore made the macrocell corrosion more 
controlled by cathode. The reason for the acceleration of macrocell corrosion resulted from the 
higher anodic chloride content in the real reinforcing concrete structures could be confirmed. 
 The effect of cathodic chloride contents on the macrocell corrosion was more complicated 
than the effect of anodic chloride contents on the macrocell corrosion. The macrocell current 
density in the cases with high cathodic chloride content might be larger or smaller than that in cases 
with low cathodic chloride content, depending on the magnitude of macrocell potential difference 
and the magnitude of macrocell slopes of cathode and anode. The higher cathodic chloride contents 
could lead to the significant increase of macrocell polarization ratio of anode and the obvious 
decrease of macrocell polarization ratio of cathode. The change of controlling mode of macrocell 
corrosion from cathodic control to mixed or anodic control could be confirmed. 
(3) In Chapter 5, the inhibiting effect of nitrite on steel corrosion was evaluated by the use of 
macrocell corrosion theory. The results indicated that when the cathode was in passive state and 
anode was active corrosion state, the presence of adequate nitrite on the surface of anodic steel 
could significantly decrease the macrocell current flowing between cathode and anode by increasing 
the polarization resistance of anode and decreasing the macrocell potential difference between 
cathode and anode. Nitrite was more effective in inhibiting the macrocell corrosion than the 
micro-cell corrosion. The presence of adequate nitrite on the surface of anodic steel could 
effectively inhibit the anodic reaction of anode and was prone to make the macrocell corrosion less 
controlled by cathode. Due to the existence of large cathode and small anode in the real reinforcing 
concrete structures, the effectiveness of nitrite to inhibitmacrocell corrosion could be confirmed.  
(4) In Chapter 6, the effect of steel surface conditions on the macrocell corrosion and 
polarization behavior of reinforcing steel was investigated. The results indicated that the initial steel 
surface conditions had a greater influence on the macrocell current flowing between cathode and 
anode. For chloride-induced corrosion, the polished surface was more effective to inhibit the 
macrocell current than the scaled surface that formed in the production process. Steel surface 
conditions played a role in controlling the macrocell polarization ratios of cathode and anode. 
Compared to the polished surface, the presence of oxides (such as mill scale or rust) on the surface 
of anodic steel could reduce the macrocell polarization ratio of anode, which made the macrocell 
corrosion more controlled by cathode.  
(5) In Chapter 7, the effect of water-cement ratios on the macrocell corrosion and polarization 
behavior of reinforcing steel was investigated. The results indicated that the water-cement ratios had 
a significant influence on the magnitude of macrocell current. The lower water-cement ratio could 
effectively inhibit the macrocell current by weakening the kinetics of cathodic and anodic reactions 
and decreasing macrocell potential difference between cathode and anode. The water-cement ratios 
had little effect on the macrocell polarization ratios of cathode and anode, but impacted the 
macrocell polarization resistance of cathodic and anodic steels. The lower water-cement ratio could 
not only increase the macrocell polarization resistance of cathode but also increase the macrocell 
polarization resistance of anode. 
(6) In Chapter 8, the effect of moisture contents of mortar on the macrocell corrosion and 
polarization behavior of reinforcing steel was investigated. The results indicated that the moisture 
contents of cathode played an important role in weakening the macrocell corrosion. The increase of 
moisture content of cathode limited the transport of oxygen, decreased the oxygen concentration of 
cathode and thus greatly weakened the cathodic reaction of cathode, which not only increase the 
macrocell polarization ratio of cathode, but also effectively inhibited the macrocell current. 
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9.2 Recommendations 
    The following experiments have been done and will be summarized in the coming future.     
(1) Effect of electrochemical chloride extraction technique on the macrocell corrosion and 
polarization behavior of reinforcing steel; (2) Effect of admixtures (lime stone, fly ash, and slag) on 
the macrocell corrosion and polarization behavior of reinforcing steel 
All the above conclusions are obtained from the condition that the area ratio of cathode to 
anode is equal to 1, they should be further checked in the condition that the area ratio of cathode to 
anode is higher or lower than 1. The effect of area ratio of cathode to anode on the control mode of 
macro-cell corrosion also should be further confirmed. 
In this study, the definition of control mode of macro-cell corrosion was qualitative, they 
should be further defined quantitatively. 
In this study, the cathode and anode were only arranged in parallel rows, the effect of 
geometrical arrangement of cathode and anode on the macrocell corrosion and polarization 
behaviors should be further investigated. 
Additionally, seeing from the macrocell corrosion mode, the macrocell current is affected by 
many parameters, such as imi-c, imi-a, Emi-c, Emi-a, βma-c, βma-a, and the resistance of concrete. In order 
to understand the contribution of these paramaters on the macrocell current, a sensitivity analysis 
should be carried out. 
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